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crete  and  subgrade  strain  criteria.  The  performance  of  a  conventional  flexible  pavement 
Is  sensitive.  In  the  descending  order,  to  variations  of  gear  load  P  ,  the  thickness  of 
the  granular  base  h^  ,  the  subgrade  modulus  E^  ,  the  thickness  and  modulus  of  the  bitu¬ 
minous  concrete  surface  course  hj  ,  and  Ej  ,  respectively,  for  the  subgrade  strain  fail¬ 
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bituminous  concrete  strains  failure  criteria.  Although  the  pavement  performance  Is  more 
sensitive  to  the  variation  of  layer  thickness  than  to  that  of  the  clastic  modulus  of  the 
layer,  the  actual  variation  of  material  moduli 
than  the  variation  of  layer  thickness.  Strict 
to  reduce  the  degree  of  material  variabilities 
talnty  and  to  Increase  the  confidence  level  of 
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In  the  field  is  known  to  be  much  larger 
control  during  construction  Is  recommended 
and  thus  to  lessen  the  degree  of  uncer- 
the  designed  pavement. 
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PROBABILISTIC  AND  RELIABILITY  DESIGN  PROCEDURES 
FOR  FLEXIBLE  AIRFIELD  PAVEMENTS— 

ELASTIC  LAYERED  METHOD 


PART  I:  INTRODUCTION 


Background 

1.  The  design  of  flexible  airfield  pavements  In  the  US  Army  Corps  of 
Engineers  (USACE)  Is  currently  based  on  two  methods:  (a)  the  California  Bear¬ 
ing  Ratio  (CBR)  equation  that  Is  empirical  In  nature  and  yields  a  design 
thickness  for  a  given  design  condition,  and  (b)  the  multilayered  elastic 
method  that  Is  analytical  In  nature  and  yields  stresses,  strains,  and  deflec¬ 
tions  In  the  pavement  system  for  a  particular  loading  condition  and  pavement 
geometry  which  In  turn  are  compared  with  established  failure  criteria  to 
determine  the  performance  of  the  given  pavement.  Both  design  method 
approaches  are  deterministic,  l.e.,  a  unique  pavement  system  Is  designed  for 
the  specific  set  of  Input  variables  necessary  to  solve  the  problem.  The  Input 
variables  are  unique  in  their  magnitudes.  In  the  CBR  method,  a  pavement 
thickness  Is  determined  from  given  values  of  subgrade  CBR,  gear  load  and  con¬ 
figuration,  tire  contact  area,  and  design  coverage  level.  The  effect  of  mate¬ 
rial  variability  on  pavement  performance  Is  considered  In  the  designer's 
selection  of  the  subgrade  CBR  value,  and  the  design  safety  factor  Is  implic¬ 
itly  contained  within  construction  specifications  such  as  compaction  require¬ 
ments.  However,  a  quantification  of  these  effects  can  be  accomplished  using  a 
probabilistic  and  reliability  approach,  and  the  design  procedures  can  be 
Improved  by  showing  the  partial  effect  of  each  design  parameter. 

Purpose 

2.  The  purpose  of  this  study  Is  to  develop  a  design  methodology  that 
has  the  capability  of  considering  design  parameter  variability  In  the  USACE 
design  procedure  for  flexible  airfield  pavements  using  the  elastic  layered 
method.  The  design  procedure  Is  expressed  In  probabilistic  and  reliability 
terms,  l.e.,  the  design  pavement  thicknesses  at  different  performance  levels 
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are  coaputed  for  a  range  of  reliability  levels.  The  designer  can  select  the 
paveaent  thickness  and  In  some  cases  develop  an  overlay  design  scheme  based  on 
the  desired  reliability  level.  The  design  procedure  Is  Incorporated  In  a  com¬ 
puter  program.  By  udlng  the  procedure,  the  partial  effect  of  the  variability 
of  each  design  parameter  on  pavement  performance  can  also  be  Investigated,  and 
Its  effects  on  the  final  design  can  be  quantified.  Emphasis  can  be  placed  on 
the  crucial  parameters  to  be  tightly  controlled  In  the  construction  phases 
and/or  the  crucial  loading  parameters  dictated  by  the  intended  use  of  the 
pavement . 


Scope 


3.  The  computer  program  RELIBISA  Is  a  modified  version  of  the  layered 
elastic  program  BISAR  (Koninklljke/Shell  Laboratorlum  1972)  for  the  applica¬ 
tion  of  the  Rosenblueth  (1975)  method  in  pavement  analysis.  Current  failure 
criteria  (Barker  and  Brabston  1975)  for  bituminous  concrete  (tensile  strains 
at  the  bottom  of  the  surface  layer)  and  subgrade  soil  (vertical  strain  at  the 
top  of  the  subgrade)  used  by  the  USAGE  are  Incorporated  In  the  program.  The 
program  Is  capable  of  using  other  failure  criteria  and  loadings  other  than 
aircraft.  The  computed  results  of  the  program  are  the  allowable  strain  repe¬ 
titions  of  the  design  pavement  structure  under  the  specific  aircraft  loads 
computed  at  different  reliability  levels  under  a  given  set  of  material  proper¬ 
ties  and  Input  parameter  variabilities.  The  procedure  treats  the  aircraft 
loads,  pavement  thicknesses,  and  material  properties  as  stochastic  variables, 
and  the  variables  are  Input  by  their  means  and  coefficients  of  variation.  Two 
example  pavements,  one  an  all-bltumlnous  concrete  pavement  and  the  other  a 
three- layer  flexible  pavement,  were  analyzed  using  RELIBISA  program  to  Illus¬ 
trate  the  merit  of  pavement  design  In  terms  of  probability  and  reliability. 

The  relative  effect  of  each  design  parameter  variability  on  pavement  perfor¬ 
mance  was  evaluated  and  discussed.  The  variabilities  of  input  parameters  and 
the  significance  of  failure  criteria  employed  in  the  analysis  on  designed 
pavements  are  discussed. 
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PART  II:  PREVIOUS  WORKS 


4.  In  1983,  Wltczak,  Uzan,  and  Johnson  (1983)  of  the  University  of 
Maryland,  under  a  contract  from  the  Waterways  Experiment  Station  (WES),  devel¬ 
oped  design  methodologies  for  rigid  airfield  pavements  In  terms  of  probability 
and  reliability.  The  work  Involved  design  procedures  based  on  the  Westergaard 
free  edge  stress  slab  theory  (Westergaard  1948)  and  the  multilayer  elastic 
theory  (Parker  et  al.  1979).  Taylor  series  expansion  (Benjamin  and  Cornell 
1970)  was  used  In  the  probabilistic  analysis.  To  simplify  the  complex  proce¬ 
dure  that  Is  Inherent  In  the  Taylor  series  expansion  and  the  multiple  subbase 
layer,  two  major  investigations  (or  simplifications)  were  Involved:  (a)  the 
use  of  the  composite  modulus  of  subgrade  reaction  to  expand  the  procedure  to 
solve  problems  having  multiple  subbase  layers  and  (b)  the  evaluation  of  a 
general  equation  form  derived  from  the  multiple  regression  analysis  of  numer¬ 
ous  computations  used  to  predict  maximum  stresses  In  the  concrete  slab  for 
various  aircraft  types.  It  was  found  that  the  composite  modulus  depends  not 
only  upon  the  design  parameters  of  the  layered  (subbase/subgrade)  system 
underneath  the  rigid  pavement,  but  also  upon  the  pavement  thickness  (for  con¬ 
stant  elastic  properties  of  the  concrete)  and  the  loading  conditions  (number 
of  wheels  In  the  gear).  The  regression  equations  of  the  maximum  tensile 
stress  at  the  bottom  of  the  concrete  layer  were  found  highly  accurate, 
allowing  their  use  without  any  correction  for  both  design  purposes  and 
probabillstlc/rellablllty  analyses.  Computer  programs  were  developed  Includ¬ 
ing  the  composite  modulus,  regression  equations,  and  Taylor  series  expansion 
and  can  be  used  as  follows:  (a)  In  the  analysis  In  probabillstlc/rellablllty 
terms  for  a  given  pavement  system  and  loading  aircraft.  The  means  and  coeffi¬ 
cients  of  variation  of  the  design  parameters  serve  as  the  Input.  The  computer 
program  produces  values  of  the  number  of  coverages  and  their  reliability  lev¬ 
els.  (b)  In  the  design  of  a  rigid  pavement  for  a  given  reliability.  The  num¬ 
ber  of  coverages  Is  also  an  Input  so  that  the  slab  thickness  may  be  determined 
for  the  given  reliability  and  coverage  level. 

5.  The  development  of  probabilistic  and  reliability  design  methodolo¬ 
gies  for  flexible  airfield  pavements  has  been  conducted  at  WES.  Effort  was 
first  conducted  on  the  CBR  design  method  (Fergus  1950;  Turnbull  and  Ahlvln 
1957;  Hammltt  et  al.  1971).  The  work  Is  reported  In  a  technical  report  (Chou 
1986)  which  Is  described  in  the  next  paragraph. 


6.  The  original  and  the  new  CBR  equation  for  flexible  airfield  pave- 
nents  are  shown  below  as  Equations  1  and  2,  respectively. 


where 

t  ■  pavement  thickness 
a  ■  a  traffic  factor 

P  *  single-wheel  load  (or  the  equivalent  single-wheel  load  (ESWL)  In 
the  case  of  the  multiple-wheel  loads) 

CBR  »  California  Bearing  Ratio  of  the  subgrade  soil 
A  “  tire  contact  area 

Equation  1  was  formulated  in  the  1950's,  and  Equation  2  Is  the  new  form  formu¬ 
lated  In  the  early  1970's  based  on  additional  test  data  (Hammltt  et  al.  1971). 
The  design  parameters  considered  were  the  load  P  (or  the  ESWL) ,  the  subgrade 
CBR,  the  tire  contact  area  A  ,  and  the  pavement  total  thickness  h  .  The 
expected  value  and  the  variance  of  the  dependent  variable  traffic  factor  a 
were  estimated  using  the  Taylor  series  expansion  and  the  Rosenblueth  method. 
Differences  In  computed  results  between  the  two  methods  were  found  to  be 
small,  although  the  derivation  of  the  expressions  for  Taylor  series  expansion 
Is  very  complicated.  A  computer  program  was  developed  to  estimate  the  relia¬ 
bility  of  the  designed  pavement  system  based  on  known  variabilities  of  design 
parameters.  Results  of  the  reliability  analysis  Indicate  that  prediction  of 
pavement  performance  Is  most  influenced  by  variations  of  pavement  thickness 
and  Is  least  Influenced  by  variations  of  tire  contact  area  A  .  The  effects 
of  variations  of  wheel  load  P  and  subgrade  CBR  are  identical.  The  weighting 
factors  for  parameters  t  ,  CBR  ,  P  ,  and  A  ,  In  general  cases,  are  approx¬ 
imately  1,  0.34,  0,34,  and  0.01,  respectively.  It  was  thus  concluded  that  In 
the  future  analysis  of  pavements  Involving  Input  parameter  variabilities,  the 
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effect  of  the  variation  of  wheel  contact  area  may  be  neglected.  It  was  also 
recommended  that  strict  quality  control  be  exercised  during  construction  to 
reduce  variations  of  pavement  thickness  and  subgrade  CBR,  and  that  the  Rosen- 
blueth  method  (Rosenblueth  1975)  be  used  because  of  Its  simplicity  and  accu¬ 
racy  In  the  probabilistic  analysis  of  layered  elastic  system. 

7.  Related  publications  In  pavement  structures  In  terms  of  probability 
and  reliability  have  been  Written  by  George  and  Nalr  1982;  Darter  and  Hudson, 
(1973);  Hudson  (1975);  Kennedy,  Hudson,  and  McCullough  (1975);  Treybig,  Hud¬ 
son,  and  McCullough  (1970);  Johnson  (1983);  Darter,  Hudson,  and  Hass  (1974);* 
Holsen  and  Hudson  (1974);  Hutchinson  (1966);  Hutchinson  and  Hass  (1968);  Jain 
McCullough,  and  Hudson  (1971);  Kher  and  Darter  (1973);  Kher,  Hudson,  and 
McCullough  (1970,  1971);  Lytton  and  McFarland  (1974);  Lytton,  McFarland,  and 
Schafer  (1975);  Schrlvner  et  al.  (1968);  Potter  (1985);  and  Vanmarcke  (1979). 


*  M.  I.  Darter,  W.  R.  Hudson,  and  R.  C.  G.  Hass.  1974  (Jan.)  "Selection  of 
Optimal  Pavement  Designs  Considering  Reliability,  Performance,  and  Costs," 
Unpublished  paper  prepared  for  the  53rd  Annual  meeting  of  the  Highway  Re¬ 
search  Board,  Center  for  Highway  Research,  University  of  Texas,  Austin,  Tex 


PART  III;  PROBABILISTIC  AND  RELIABILITY  APPROACH 


General 


8.  In  analyzing  a  pavement  structure  In  probabilistic  and  reliability 
terms,  the  expected  value  and  variance  of  a  function  (such  as  the  computed 
stresses,  strain,  or  load  repetition)  should  first  be  determined,  and  the 
reliability  of  the  design  can  then  be  evaluated.  The  Taylor  series  expansion 
(Benjamin  and  Cornell  1970)  and  the  Rosenblueth  (1975)  procedure  are  generally 
used.  These  methods  are  presented  below. 

Taylor  Series  Expansion 

9.  The  Taylor  formula  for  the  expansion  of  a  function  f(x)  ,  which  has 
N  continuous  derivatives,  about  the  function's  mean  p  is 

f(x)  =  f(W)  +  f'(P)(x  -  P)  +  (x  -  M)^ 

+  ...  higher  order  terms  +  remainder  (3) 

Since  the  expected  value  of  (x  -  p)  is  zero  and  the  expected  value  of 

2  2  2 
(x  -  p)  is  the  variance*  of  x  ,  i.e.,  E(x  -  p)  *  0  and  E(x  -  P)  “  ’ 

the  expected  value  of  f(x)  becomes 

E[f(x)]  =  f(p)  +0+1  f"(p)o^  +  ••• 


E(f(x)]  =  f(p)  +  i  f"(p)o^ 


The  expec'.ed  value  of  f  (x)  is  expressed  as 


E[f^(x)]  f^(p)  +  i  [f^(P)]"oJ 


(4) 


*  DetlnlClon  of  expectation  and  variance  are  presented  in  Appendix  A. 
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f^(u)  +  j  [2t(y)f*(u)]  'ol 


I  [f’(y)f'(y)  +  2f  (y)f"(y)]  oj 


The  variance  of  a  variable  x  Is  derived  as  follows: 


=  V(x]  =  E[(x  -  y)^]  =  E[x^  -  2yx  +  y^] 


=  E[x^]  -  2y  E[x]  +  Ip2] 


2  2 

as  E[x]  -  y  ;  and  E[y  ]  =  y  ,  as  y  Is  a  constant. 


al  -  V[x]  -  Etx^J  -  2y^  +  y^  -  E[x^]  -  lE(x)]^ 


In  other  words,  the  variance  Is  the  mean  of  the  square  minus  the  square  of  the 
mean.  The  variance  of  f(x)  can  be  written  as 


Vtf(x)]  -  E[f^(x)]  -  E[f(x)]^ 


Substituting  Equations  4  and  5  Into  Equation  7  results  In 


V(f(x)]  »f^(y)  +  [f’(y)]^  +  f(y)  f"(y)  of 


-  f^y)  +  f(y)  f''(y)  of  +  |  [f"(y)J^  of 


V[f(x)]  (f(y)]"  J  [f"(y)] 


2  _2  1  r.n,.M2  _4 


u* 

*61 

6 


7 

I 

t 


I 


r'S* 


10.  In  Equations  4  and  8,  if  the  random  variables  can  be  assumed  norm¬ 
ally  distributed,  the  second-order  terms  are  small  and  may  be  neglected.  For 
multivariate  situations,  the  first-order  approximation  to  the  expectation  and 
the  variance  of  f(x)  Is  expressed  by  Benjamin  and  Cornell  (1970)  as 


Etf(x)l  -  f(p) 


(9) 


V[f(x)] 


N  N 

z  zfe 

1-1  J-l\  ^ 


ii 

ax 


all  X. 


J 


all 


0 


Cov  Xj) 


(10) 


where  Cov  (x^,  Xj) 


Is  the  covariance  of  variable  x.  and 


Note  that 


1  J 

If  the  x's  are  uncorrelated,  the  covariance  Is  zero,  and  Equation  10  Is 
simply 


V[f(x)] 


x=l 


V  X. 


all  X. 


(11) 


11.  To  use  Equations  4  and  8  to  compute  the  expected  value  and  variance 
of  the  function  f(x)  ,  the  function  should  have  derivatives  of  at  least  the 
first  order;  derivatives  of  the  second  order  are  needed  only  when  the  nonlin¬ 
ear  terms  In  the  equations  are  considered.  An  analytical  expression  (such  as 
the  CBR  equation  In  Equation  1)  Is  needed  to  determine  the  derivatives  of  the 
function.  In  the  layered  elastic  method,  the  expected  value  and  variance  of 
the  maximum  strains  are  to  be  determined.  However  the  strains  are  not  deter¬ 
mined  from  any  analytical  expression  but  computed  using  the  BISAR  computer 
program.  Therefore,  other  procedures  have  to  be  developed  In  order  to  use  the 
Taylor  series  expansion  method  with  the  layered  elastic  method.  The  Rosen- 
blueth  method  presented  below  Is  readily  suited  for  elastic  layered  method  and 
the  BISAR  computer  program,  and  this  method  is  much  simpler  than  the  Taylor 
series  expansion.  This  is  particularly  true  when  derivations  of  higher  order 
are  required  In  the  Taylor  series  expansion  method. 


Rosenblueth  Method 


12.  Equations  4  and  8  are  obtained  from  the  Taylor  series  expansion  of 
the  function  about  the  expectations  of  the  random  variables.  This  method 
requires  the  existence  and  continuity  of  the  first  and  second  derivatives  of 
the  function.  Rosenblueth  (1975)  overcame  these  difficulties  through  use  of 
point  estimates  of  the  function.  The  expressions  for  the  expected  value  are: 


N,  1  /  N  ^  n\ 
E[c  ]  -  le^  +  e  ) 


for  one  variable 


Eft  1  -  +  e__j 


for  two  variables 


ur  N,  1  /  N 


.N  .N  .N  .N 

+  e..  + 


+  e 


N  ^  N  \ 

...  - 


for  three  variables 


r.r  N, 

E[€  ] 


1  /N 

7K* 


+  e 


^  N  ^  N  ,  N 

^  - *^+-++ 


+  e.  .  +c.  .+e.  +f:...+e 


+  e 


N  ^  N  \ 


for  four  variables 


T,r  N,  1  /n  ^  N  \ 

St'  1  •••  +  ' - \ 

2  \  ' - • - ^  ' - . - 7 

\  M  M  / 


for  M  variables 


(12) 


(13) 


(14) 


(15] 


(16! 


Note  that  the  number  of  total  terms  to  calculate  the  expected  value  of  a  func¬ 
tion  e  (strain  computed  using  the  BISAR  program)  which  has  M  variables  is 

M 

2  ,  and  N  has  a  value  of  either  1  or  2  as  shown  in  Equation  7,  i.e..  c  Is 

represented  by  f(x)  ,  and  N  Is  the  power  of  the  function. 

13.  To  reduce  the  number  of  variables  in  layered  elastic  method  compu¬ 
tations.  variations  of  Poisson's  ratio  of  pavement  materials  are  neglected,  as 
it  has  insignificant  effect  on  pavement  response  to  loads.  The  variation  of 
tire  contact  area  can  also  be  neglected  in  this  computation  that  was  concluded 
in  the  previous  study  of  CBR  design  method  for  airfield  pavements  (Chou  1986) 
and  should  hold  for  any  rational  method  of  design.  To  illustrate  the  use  of 
the  Rosenblueth  method,  the  computation  of  the  expected  value  of  the  strain  c 
for  an  all-bituminous  flexible  pavement  is  presented.  The  Independent  parame¬ 
ters  considered  but  uncertain  are  the  wheel  load  P  ,  the  elastic  modulus  and 
thickness  of  the  bituminous  layer  and  ,  respectively,  and  the  elastic 

modulus  of  the  subgrade  E^  .  Other  parameters  (wheel  contact  area  and  Pois¬ 
son's  ratio)  are  precisely  known,  i.e.,  the  standard  deviations  are  zero.  For 
a  four-parameter  problem.  Equation  15  is  used  to  determine  the  expected  value 
of  the  strain  e  .  Assuming  that  the  standard  deviations  of  the  parameters 
are  •  and  o.  ,  and  that  the  parameters  are  arranged  in  the 

r  c.  1  cZ  n  1 

order  oi  P  ,  ,  E^  ,  and  h^  (i.e.,  the  order  of  the  symbols  +++-f  , 

+++-  ,  •••♦  etc.;,  each  term  in  Equation  15  is  computed  using  the  BISAR  pro¬ 
gram  in  the  manner  shown  in  Table  I.  Once  the  mean  values  for  parameters  P  , 
,  ^2  ,  and  h^  and  their  standard  deviations  Op  >  o^j  ,  0^2  *  Oj,! 

are  specified,  the  expected  value  of  e  can  be  determined  from  Equation  15, 
and  the  variance  of  c  is  computed  using  Equation  7. 


Reliability  Analysis 


14.  As  soon  as  the  expected  value  and  the  variance  of  a  function  (such 
as  the  strain  values  computed  in  a  layered  elastic  pavement  system  or  the  u 
factor  in  Equation  2  representing  the  trulflc  performance  level)  are  deter¬ 
mined,  ti.e  reliability  level  of  the  function  can  be  computed.  Reliability  is 
defined  as  the  probability  tiiat  the  pavement  system  will  perform  its  intended 
function  over  its  design  life  (or  time)  and  under  the  conditions  (or  environ¬ 
ment)  ^'’-^ountered  during  operation  (Darter  and  Hudson  1 D  /  i )  .  The  procedure  to 
follow  IS  explained  on  the  following  page. 


15.  The  expected  strain  value  c  (In  each  term)  in  Equations  12  to  16 
is  computed  using  the  BISAR  program.  The  performance  (strain  repetitions  to 
failure)  of  the  pavement  may  be  estimated  from  the  failure  criteria  shown  in 
Figures  1  and  2  for  two  different  failure  modes. 

16.  With  the  strain  value  e  assumed  normally  distributed,  the  number 


of  strain  repetitions  corresponding  to  e  +  eo^  (or  e[1  +  C  •  CV(e)])  can  be 


determined  from  Figures  1  and  2,  and  the  probability  of  c  S  e[l  +  C  •  CV(e)] 
is  taken  from  the  normal  distribution.  CV(e)  is  the  coefficient  of  variation 
of  e  ,  which  is  the  ratio  of  tl  e  standard  deviation  of  c  to  a  mean  of  c  , 


(l.e.,  o^/e),  and  C  is  the  selected  number  varying  from  -3  to  +3.  C 


values  less  than  -3  and  greater  than  +3  are  not  necessary  because  the  areas 


X  10'* 


TENSILE  STRESS.  PSI 


Figure  1.  Criteria  for  limiting  horizontal  tensile 
strain  in  the  bituminous  concrete  (after  Heukelom 

and  Klomp  1962) 


r.  I*. 


under  a  normal  distribution  curve  beyond  -3  and  +3  standard  deviations  are 
negligible.  The  computations  of  the  reliabilities,  strain  values,  and  strain 
repetitions  for  given  airfield  pavements  are  Illustrated  in  the  design  exam¬ 
ples  In  Part  V.  Table  2  shows  the  partial  results  from  the  RELIBISA  computer 
program  for  a  given  airfield  pavement  with  given  Input  parameter  variabili¬ 
ties.  In  this  particular  example,  the  strain  computed  from  mean  values  of 
Input  parameters  Is  0.31398E-03  in. /in.*,  and  Its  initial  reliability  Is 
assumed  to  be  0.5  (Potter  1985).  The  standard  deviation  of  the  strain  o 

e 

computed  from  Equation  7  Is  0.31398E-03  in. /In.  Reliability  values  are 
selected  from  the  normal  distribution  curve  between  -3  and  +3  standard 
deviations.  Strain  repetitions  are  calculated  for  the  specific  failure  mode 
from  strain  values  corresponding  to  different  reliability  levels. 


*  A  cable  of  factors  for  converting  non-SI  units  of  measurement  to  SI 
(metric)  units  Is  presented  on  page  3. 


PART  IV:  COMPUTER  PROGRAM  RELIBISA 


17.  To  analyze  a  flexible  pavement  In  terms  of  probability  and  relia¬ 
bility,  a  computer  program  RELIBISA  was  prepared.  The  program  Is  modified 
from  BISAR  computer  program  (Korinklljke/Shell  Laboratorlum  1972)  which  com¬ 
putes  stresses,  strains,  and  deflections  In  a  pavement  structure  for  a  given 
set  of  input  data.  The  modification  Involves  the  considerations  of  input 
parameter  variations  In  each  term  of  Equations  12  to  16  and  of  the  failure 
criteria  In  Figures  1  and  2.  The  input  guide  and  an  example  run  of  the  pro¬ 
gram  are  presented  In  Appendix  B.  The  logic  and  operation  of  the  program  are 
presented  in  the  following  paragraphs. 


Input  Data 


18.  The  Input  data  for  the  RELIBISA  computer  program  are  listed  below. 

a.  Number  of  wheels  and  wheel  spaclngs  In  assembly. 

b.  Wheel  loads  and  the  tire  contact  area. 

£.  Elastic  modulus,  Poisson's  ratio,  and  thickness  for  each 
pavement  layer. 

d.  Key  word  for  the  search  of  locations  of  maximum  strains  In  the 
pavement . 


Program  Logic 


19.  Once  the  aircraft  type  and  gear  configurations  are  Input  to  the 
program,  the  locations  of  the  maximum  strains  In  the  pavement  structure  are 
determined  using  the  mean  values  of  the  Input  parameters  (l.e.,  load,  elastic 
modulus,  and  layer  thicknesses).  The  same  locations  can  be  used  to  compute 
the  strains  for  each  term  In  Equations  12  to  16  In  order  to  save  computer 
time.  For  more  accurate  results,  however,  the  locations  of  the  maximum 
strains  must  be  determined  separately  for  each  term  In  Equations  12  to  16. 

This  Is  because  of  the  change  in  the  input  parameters.  When  the  Input  param¬ 
eters  are  changed,  particularly  laver  thicknesses,  the  location  of  the  maximum 
strain  In  the  pavement  structure  will  also  change.  Since  the  search  for  the 
exact  locations  of  maximum  strains  requires  more  computer  time,  the  locations 
of  the  maximum  strains  In  the  pavement  arc  assumed  either  at  the  centroid  of 


the  gear  assembly  or  at  the  location  directly  beneath  one  vdieel  load.  This 
assumption  can  greatly  reduce  the  computer  time  and  sacrifice  little  accuracy. 

20.  Since  the  use  of  RELIBISA  program  requires  the  repetitive  usage  of 
BISAR  program  to  compute  the  strains  for  different  sets  of  Input  parameters 
(one  set  represents  one  term  In  Equations  12  to  16),  the  computer  time  can 
Increase  rapidly  with  Increasing  number  of  layers.  For  an  all-bltumlnous 
pavement,  the  Input  parameters  are  wheel  load  P  ,  elastic  moduli  of  the  sur¬ 
face  and  the  subgrade  E,  and  E.  ,  respectively,  and  the  thickness  of  the 
surface  layer  h^  .  The  number  of  terms  in  Equation  15  Is  16  (i.e.,  2  ■ 

16).  Because  computations  are  made  for  both  the  surface  and  subgrade  layers, 
the  total  number  of  times  the  BISAR  program  Is  used  Is  doubled  to  32.  For  a 
three-layer  pavement  system,  the  total  number  of  times  the  BISAR  program  Is 
used  is  2  X  (2^)  >  128  .  When  the  locations  of  maximum  strains  are  to  be 
determined  for  each  term  In  the  equation,  the  total  number  of  computations 
will  then  be  doubled  to  256.  The  RELIBISA  program  Is  presently  programmed  for 
layer  number  not  greater  than  three.  For  pavements  with  layers  greater  than 
three  the  number  of  layers  has  to  be  reduced  to  three  using  the  concept  of 
composite  modulus.  This  procedure  is  presented  in  the  example  problems  In 
Part  V. 

21.  The  failure  criteria  presented  in  Figures  1  and  2  are  used  In 
RELIBISA  program.  The  criteria  for  allowable  strain  repetitions  N  for  the 
bituminous  concrete  presented  In  Figure  1  can  be  mathematically  expressed  as 

N*,,  VI  “  10^  (17) 

Allowable, 

(AC) 

where 

A  -  -5  LogjQ  e  -  2.665  Log^^  ^ 

■  maximum  horizontal  tensile  strain  at  the  bottom  of  the  asphaltic 
concrete  layer 

E^^  ■  elastic  modulus  of  the  asphaltic  concrete,  psl 

22.  The  criteria  for  allowable  strain  repetition  N  for  the  subgrade 
given  in  Figure  2  can  be  expressed  as 


N 


Allowable 


(subgrade) 


10,000 


(18) 


%fhere 


0.000247  +  0.000245  Log,.  E  . 

“10  subg 


^subg 


subgrade  modulus,  psl 


e  .  -  subgrade  strain,  dimensionless 

subg  » 

B  -  0.0658  (E  , 
subg 


Note  that  the  annual  strain  repetitions  are  used  In  Figure  2,  and  the  allow¬ 
able  strain  repetition  In  Equation  18  Is  based  on  a  20-year  service  life. 

23.  The  RELIBISA  computer  program  Is  prepared  based  on  failure  criteria 
presented  In  Equations  17  and  18.  However,  other  failure  criteria  such  as 
those  for  highway  pavements  and  other  design  conditions  for  airfield  pavements 
can  also  be  used  In  the  programs.  The  replacement  Is  done  In  the  subroutine 
PERFORMN. 


19 


5.^ 


;v>l 

•jTa. 


• 


Vj 


PART  V:  PROBABILISTIC  AND  RELIABILITY  ANALYSTS 
USING  LAYERED  ELASTIC  METHOD 


Flexible  Airfield  Pavement  Design 

24.  A  deterministic  design  procedure  was  developed  at  WES  (Barker  and 
Brabston  1975)  for  airfield  flexible  pavements  using  the  layered  elastic 
method.  This  procedure  Includes  conventional,  all-bltumlnous  concrete  (ABC), 
and  chemically  stabilized  flexible  pavements.  The  designs  are  based  on  ana¬ 
lytically  determined  strain  values  and  experimental  and  laboratory  determined 
material  fatigue  strengths.  The  method  can  handle  In  a  rational  manner  the 
variations  In  the  properties  of  different  pavement  materials.  In  the  proce¬ 
dure,  the  use  of  the  cumulative  damage  concept  permits  the  consideration  of 
cyclic  variation  in  bituminous  materials  due  to  variations  In  temperatures  and 
the  variation  In  subgrade  strength  resulting  from  freeze-thaw  cycles.  The 
procedure  Is  now  being  Implemented  as  one  of  the  options  of  the  Corps'  flexi¬ 
ble  airfield  pavement  design. 

25.  Several  design  examples  were  presented  by  Barker  and  Brabston 
(1975)  Illustrating  the  design  procedure  of  flexible  airfield  pavements  using 
layered  elastic  method.  The  results  of  two  design  examples  are  briefly 
explained  In  this  report.  One  Is  a  conventional  flexible  pavement  and  the 
other  Is  an  ABC  pavement.  The  designs  are  for  a  pavement  at  Shreveport,  La., 
for  200,000  departures  of  a  750,000-lb  B-747  aircraft  over  a  20-year  design 
life.  Other  characteristics  of  the  aircraft  and  other  traffic  data  required 
In  design  were  as  follows: 

a.  Number  of  wheels  In  assembly:  4, 

b.  Wheel  spacing:  44  by  58  In. 

c.  Wheel  load:  44,531  lb. 

d.  Tire  contact  pressure;  182  psl. 

e.  Design  traffic;  10,000  annual  departures  (200,000  total 
departures  over  a  20-year  design  life). 

Factor  for  converting  departures  to  coverages:  1.85. 

26.  The  moduli  of  the  bituminous  concrete  surface  course  were  deter¬ 
mined  based  on  the  temperature  of  each  month.  Local  climatological  data 
(average  dally  mean  air  temperature  for  each  month)  were  used  to  estimate  the 
design  pavement  temperature  for  each  month  for  design  based  on  either  bitumi¬ 
nous  concrete  strain  or  subgrade  strain.  The  relationship  between  the  two 


different  tenperatures  Is  also  a  function  of  the  thickness  of  the  bituminous 
concrete  used  In  the  design. 

27.  The  procedure  to  determine  modulus  values  of  the  base  and  subbase 
courses  was  developed  based  on  the  principle  that  the  modulus  of  the  layer  Is 
a  function  of  those  of  the  layers  below.  To  provide  for  variation,  the  granu¬ 
lar  layers  are  divided  into  sublayers  for  which  the  modulus  of  each  sublayer 
la  a  function  of  the  sublayer  thickness  and  the  modulus  of  the  material  below 
the  sublayer.  Curves  and  equations  for  determining  the  modulus  values  of 
granular  materials  are  provided  In  Barker  and  Brabston  (1975). 

28.  The  subgrade  modulus  value  is  determined  from  laboratory  tests. 

The  design  modulus  used  in  the  examples  was  9,000  psl,  and  the  Poisson's  ratio 
was  0.45.  For  converting  the  aircraft  departures  to  strain  repetitions,  one 
coverage  Is  equal  to  one  strain  repetition  for  the  bituminous  concrete  strain 
criterion,  one  departure  Is  equal  to  one  strain  repetition  for  the  subgrade 
strain  criterion  In  conventional  flexible  pavements,  and  one  departure  Is 
equal  to  one  strain  repetition  for  both  bituminous  concrete  and  subgrade 
strain  criteria  In  ABC  pavements. 

Problem  1 ;  conven- 
tlonal  flexible  pavement 

29.  The  conventional  thickness  design  curves  are  first  used  to  estimate 
the  Initial  thicknesses.  A  total  pavement  thickness  of  39  In.  Is  required 
with  a  5  In.  bituminous  concrete  surface  course,  12  In.  of  base  course,  and 

22  In.  of  subbase  course.  Cumulative  damage  theory  was  not  used  at  first  In 
the  analysis.  The  CHEVIT  (Heukelom  and  Klomp  1962)  computer  program  was  used 
to  compute  tensile  strains  In  the  subgrade  and  the  bituminous  concrete  surface 
layer.  In  computing  the  subgrade  strain,  the  minimum  bituminous  concrete 
modulus  estimated  for  the  month  of  July  was  used  (l.e.,  the  most  critical  con¬ 
dition  for  subgrade  soil).  The  computed  subgrade  strain  was  smaller  than  the 
allowable  subgrade  strain  In  Figure  2,  and  It  was  concluded  that  the  design 
pavement  section  provides  adequate  protection  for  the  subgrade.  In  checking 
for  fatigue  cracking  of  the  bituminous  concrete  surface  course,  the  most  crit¬ 
ical  condition  for  the  surface  course  was  first  assumed;  l.e..  It  was  assumed 
that  all  of  the  traffic  for  the  20-year  design  life  of  the  pavement  is 
applied  during  the  single  month  (January)  for  which  the  bituminous  concrete 
modulus  Is  at  Its  maximum.  The  computed  strain  In  the  bituminous  concrete 
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layer  was  the  allowable  strain  determined  in  Figure  1,  and  it  was  decided  that 
the  cumulative  damage  must  be  determined  for  the  proposed  pavement  section. 

30.  The  cumulative  damage  values  were  computed  for  sections  of  5-,  7-, 
and  9-ln.  surface  course  thickness.  The  computation  results  are  presented  In 
Table  3.  As  shown  for  conventional  flexible  pavements,  more  serious  damages 
In  the  bituminous  concrete  layer  are  caused  In  the  colder  months  when  the 
bituminous  concrete  Is  more  brittle  (even  though  the  tensile  strain  In  the 
layer  is  smaller  In  the  winter  months  than  In  the  summer  months).  The  com¬ 
puted  damages  were  plotted  versus  surface  course  thickness,  and  a  bituminous 
concrete  surface  course  thickness  of  8.6  in.  was  selected  for  a  cumulative 
damage  value  of  one.  The  final  design  section  was  a  9-in.  bituminous  concrete 
surface  course,  12-In.  base  course,  and  18-in.  subbase  course. 

Problem  2;  ABC  pavement 

31.  To  estimate  the  initial  thickness  of  an  ABC  pavement,  the  required 
thickness  for  the  conventional  flexible  pavement  was  divided  by  the  appropri¬ 
ate  equivalency  factor  (1.70)  and  thus  the  estimated  initial  thickness  was 

39  In.  i  1.7  =  22  In.  The  bituminous  concrete  modulus  was  also  determined  for 
each  month.  The  cumulative  damage  process  was  used  for  sections  of  18-,  22-, 
and  26-ln.  ABC  thickness.  The  computation  results  are  presented  In  Tables  4 
and  5  for  damages  of  the  bituminous  concrete  and  the  subgrade,  respectively. 
For  both  failure  modes,  more  serious  damages  are  caused  In  the  summer  months. 
The  computed  damages  were  plotted  versus  ABC  thickness.  It  was  found  that  the 
required  ABC  thickness  was  17.2  in.  for  limiting  horizontal  tensile  strain  at 
the  bottom  of  the  bituminous  concrete,  and  It  was  21  In.  for  limiting  vertical 
compressive  strain  at  the  top  of  the  subgrade. 


Probabilistic  and  Reliability  Analysis 

32.  The  two  design  examples  used  by  Barker  and  Brabston  (1975)  for 
flexible  airfield  pavements  using  the  layered  elastic  method  presented  In  the 
previous  section  are  again  used  In  this  section  for  continuity  and  to  Illus¬ 
trate  the  procedure  of  flexible  airfield  pavements  In  terms  of  probability  and 
reliability.  The  same  B-747  aircraft  with  a  wheel  load  of  44,531  lb  was  used 
In  the  computation.  The  modulus  values  of  the  bituminous  concrete  are 
selected  based  on  conclusions  derived  by  Barker  and  Brabston  (1975)  and 


results  presented  In  Tables  3,  4,  and  5.  The  selections  are  presented  in  the 
following  paragraphs. 

33.  For  conventional  flexible  pavements,  the  critical  period  during  the 
year  is  the  colder  winter  months  for  the  surface  bituminous  layer  as  the  bitu¬ 
minous  concrete  becomes  more  brittle  and  the  warmer  summer  months  for  the  sub¬ 
grade  as  the  surface  layer  becomes  less  stiffer.  Accordingly,  a  modulus  value 
of  1,000,000  psi  and  a  Poisson's  ratio  of  0.3  are  used  in  the  bituminous  con¬ 
crete  strain  criterion,  and  a  modulus  value  of  200,000  psi  and  a  Poisson's 
ratio  of  0.5  are  used  in  the  subgrade  strain  criterion.  For  ABC  pavements, 
the  critical  periods  for  both  the  bituminous  concrete  and  the  subgrade  are  in 
the  warmer  summer  months.  A  concrete  modulus  value  of  250,000  psi  and  a 
Poisson's  ratio  of  0.5  are  used  in  the  analysis  for  both  strain  criteria.  For 
subgrade  soil,  a  modulus  of  9,000  psi  and  a  Poisson's  ratio  of  0.45  are  used 
in  the  computation  as  were  used  in  the  design  examples  (Barker  and 

Brabston  1975). 

34.  In  the  analysis  of  an  airfield  pavement  in  terms  of  probability  and 
reliability,  the  RELIBISA  computer  program  is  used  to  calculate  the  allowable 
load  repetitions  for  a  given  pavement  section  for  various  reliability  levels. 
The  computer  results  are  similar  to  those  shown  in  Table  2  for  either  bitumi¬ 
nous  concrete  or  subgrade  failure  modes.  The  input  parameter  variations  are 
considered  by  the  use  of  the  CV  of  the  parameters  which  are  defined  to  be 
the  ratio  of  the  standard  deviation  to  the  mean  value  of  the  parameter.  For 
instance,  if  the  mean  gear  load  is  178,000  lb  and  the  CV  of  the  gear  load  is 
assumed  to  be  10  percent,  the  standard  deviation  of  the  gear  load  will  be 
17,800  lb,  i.e.,  68.3  percent  of  the  time  the  gear  load  would  lie  between 
160,200  and  195,800  lb  (plus  and  minus  one  standard  deviation). 

35.  Relationships  between  reliability  level  and  the  corresponding 
allowable  load  repetitions  are  established  for  many  pavement  sections  with 
various  input  parameter  variabilities.  The  reliability  of  the  existing  Corps 
of  Engineers  flexible  pavement  design  method  is  0.5,  i.e.  if  mean  values  of 
input  parameters  are  used  in  the  computation,  the  chance  of  success  of  the 
design  is  50  percent  that  the  computed  strain  repetition  's  Jess  than  or  equal 
to  the  designed  one.  The  use  of  0.5  is  suggested  by  Potter  (1985).  However, 
the  procedures  presented  in  the  REI.IBLSA  computer  program  are  applicable  for 
any  reliability  value  of  the  design  procedure  employed.  Ihe  results  of  the 
computations  and  analyses  are  presented  in  the  following  paragraphs. 


36.  Different  modulus  values  and  computational  procedures  are  used  in 
the  thickness  design  (Barker  and  Brabston  1975)  and  the  reliability  analysis 
even  though  the  same  design  examples  and  design  parameters  are  employed.  The 


thicknesses  and  allowable  strain  repetitions  computed  for  the  two  different 
analyses  will  be  different,  and  comparison  of  computed  results  between  the  two 
analyses  should  be  conducted  with  caution. 

ABC  pavements 

37.  Figure  3  shows  the  relationships  between  reliability  level  and 
strain  repetition  for  an  ABC  pavement  with  varying  thicknesses.  The  original 
thickness  design  indicated  that  the  required  thicknesses  for  a  20-year  design 
period  is  17.2  and  21.2  in.  for  the  bituminous  concrete  and  subgrade  strain 
criterion,  respectively.  Curves  in  Figure  3  are  plotted  based  on  computer 
results  similar  to  those  shown  in  Table  2  for  each  thickness  and  for  each 
failure  criterion.  The  CV's  ,  P  ,  ^2  input  param¬ 

eters  are  all  assumed  to  be  10  percent.  For  a  given  failure  criterion,  the 
curves  are  generally  parallel  to  each  other,  except  in  the  area  when  the  reli¬ 
ability  is  close  to  one  and  zero.  Since  the  variability  and  are 

believed  to  be  greater  than  10  percent  as  were  used  in  Figure  3,  CVCEj^)  and 
CV(E2)  are  assumed  to  be  0.15  and  0.25,  respectively,  and  the  computed 
results  are  plotted  in  Figure  4.  It  is  seen  that  the  shapes  of  the  curves  are 
similar  to  those  shown  in  Figure  3  for  different  CV  of  the  input  parameters. 
The  significance  of  the  curves  is  that  for  a  given  ABC  thickness.  The  allow¬ 
able  strain  repetition  to  failure  is  presented  at  its  reliability  level.  For 
a  22-ln.  ABC  pavement  designed  against  the  subgrade  failure,  the  allowable 
strain  repetition  at  a  reliability  level  of  0.5  is  740,000  strain  repetitions, 
l.e.,  the  chance  of  success  of  the  design  of  this  pavement  to  sustain 
740,000  strain  repetitions  of  the  B-747  aircraft  load  before  failure  is 
50  percent.  The  chance  of  success  can  be  Increased  to  80  percent  if  the 
design  strain  repetition  is  reduced  to  105,000,  For  example,  if  the  740,000 
repetitions  are  considered  as  a  20-year  design  period  and  the  105,000  repe¬ 
titions  are  thus  equivalent  to  2.8  years,  there  Is  an  80  percent  chance  that 
the  pavement  can  last  2.8  years  without  failure  (with  routine  maintenance), 
but  there  is  only  a  50  percent  chance  that  the  pavement  can  last  a  full 
20-year  design  period.  The  flatter  the  slope  of  the  curves  In  Figures  3 
and  4,  the  greater  are  the  uncertainties  involved  in  the  design.  However,  the 
steeper  the  slopes  of  the  curves,  the  lesser  are  the  uncertainties  involved  in 


SUBGRADE  STRAIN  CRITERION 


the  design.  The  shapes  of  the  curves  are  Influenced  by  the  failure  criteria 
(Figures  1  and  2)  employed  In  the  computations.  This  will  be  discussed  In 
Part  VII. 

38.  The  curves  In  Figures  3  and  4  for  the  bituminous  concrete  strain 
criterion  have  steeper  slopes  than  those  for  the  subgrade  strain  criterion, 
Indicating  that  using  the  Corps  of  Engineers'  failure  criteria  (Figures  1  and 
2) ,  the  designed  flexible  pavement  may  have  a  greater  degree  of  uncertainty  In 
preventing  subgrade  failure  than  In  preventing  fatigue  cracking  of  bituminous 
concrete  surface  course. 

39.  For  a  given  design  strain  repetition,  the  relationships  between 
reliability  and  ABC  thickness  can  also  be  obtained  from  Figures  3  and  4. 
Engineers  can  choose  the  ABC  thickness  suitable  for  the  selected  reliability 
level  of  the  design.  Relationships  between  strain  repetition  and  ABC  thick¬ 
ness  at  different  reliability  level  can  also  be  obtained  from  Figure  4.  The 
relationships  are  plotted  In  Figure  5  which  can  be  helpful  to  designers  In 
selecting  the  allowable  strain  repetitions  of  a  given  pavement  section  for  a 
desired  reliability  level  or  to  vary  the  ABC  thickness  that  will  be  suitable 
for  a  specific  design  performance  level  of  the  pavement  for  a  given  reliabil¬ 
ity  level.  The  slope  of  the  curves  shown  In  Figure  5  Is  the  rate  of  Increase 
of  allowable  strain  repetition  because  of  the  Increase  of  pavement  thickness 
for  a  given  reliability  level.  In  Figure  5  the  slopes  of  the  curves  for  the 
subgrade  strain  criterion  are  much  steeper  than  those  for  the  bituminous  con¬ 
crete  strain  criterion.  Indicating  that  at  a  given  reliability  level  of  the 
design.  Increasing  ABC  thickness  would  increase  the  allowable  strain  repeti¬ 
tion  (or  pavement  service  life)  more  rapidly  with  respect  to  the  subgrade 
failure  than  would  for  the  fatigue  cracking  failure  of  the  bituminous  con¬ 
crete.  This  conclusion,  however,  can  not  be  used  to  directly  benefit  the  ABC 
pavement  design  using  the  layered  elastic  method  because  the  ABC  thickness  Is 
determined  separately  for  the  bituminous  concrete  and  the  subgrade  strain  cri¬ 
teria,  and  the  thicker  ABC  layer  of  the  two  Is  selected  for  the  design.  If 
the  ABC  thickness  computed  for  the  bituminous  concrete  failure  criterion 
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Figure  5.  Relationships  between  pavement  thickness  and 
strain  repetition  (from  Figure  4)  of  ABC  pavements 
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design  with  respect  to  the  subgrade  failure.  Also«  since  the  design  of  ABC 
pavement  using  the  Corps  of  Engineers’  failure  criteria  (Figures  1  and  2) 
results  In  a  design  which  has  a  greater  degree  of  uncertainty  In  preventing 
subgrade  failure,  the  extra  ABC  thickness  (l.e.,  "^^Itu  ~  ^subg^  design 

would  certainly  Increase  rapidly  the  allowable  strain  repetition  against  sub¬ 
grade  failure  (see  Figure  5)  and  thus  increase  the  reliability  and  reduce  the 
degree  of  uncertainty  of  the  design  against  subgrade  failure. 


40.  The  conclusions  dravm  from  Figures  3,  4,  and  5  are  based  on  a  sub¬ 
grade  modulus  of  9,000  psl.  Questions  arise  as  to  whether  a  stronger  subgrade 
support  of  the  pavement  would  reverse  the  observed  trend.  Computations  simi¬ 
lar  to  those  presented  In  Figure  4  were  made  for  a  subgrade  modulus  of 
25,000  psl.  It  was  found  that  the  relationships  between  the  reliability  and 
the  strain  repetition  are  very  similar  to  those  shown  In  Figure  4,  except  that 
the  curves  shift  to  higher  strain  repetition  values  because  of  stronger  sub¬ 
grade  support.  This  Is  more  predominate  In  the  subgrade  strain  failure  mode 
than  In  the  bituminous  concrete  failure  mode  because  stronger  subgrade  support 
has  greater  effect  on  pavement  performance  with  respect  to  subgrade  failure 
than  with  respect  to  bituminous  concrete  failure. 

41.  For  a  good  pavement  design.  It  Is  Ideal  to  have  the  pavement  struc¬ 
ture  failed  In  fatigue  cracking  and  subgrade  failure  at  nearly  the  same  traf¬ 
fic  level  as  well  as  the  same  reliability  level.  An  optimum  ABC  thickness  may 
be  selected  using  the  relationships  plotted  In  Figure  5.  In  some  cases,  how¬ 
ever,  a  subgrade  modulus  value  other  than  9,000  psl  may  be  needed  to  determine 
the  optimum  thickness. 

42.  Figure  4  shows  the  relationships  between  the  reliability  and  strain 
repetition  for  a  given  set  of  CV's  and  for  several  ABC  thicknesses.  Compu¬ 
tations  were  made  for  a  22-ln.  ABC  pavement  with  three  different  sets  of  CV's 
for  each  Input  parameter  having  the  same  CV  .  The  results  are  plotted  In 
Figure  6.  For  a  CV  of  0.01,  the  variabilities  of  the  Input  parameters  are 
very  small,  and  the  standard  deviation  for  the  input  parameter,  for  Instance 
hj  ■  22  In.,  Is  0.22  In.  Statistically,  68.3  percent  of  the  designed  runway 
has  an  ABC  thickness  of  21.8  to  22.2  In.,  Indicating  a  design  with  very  small 
uncertainty  and  high  level  of  confidence.  This  Is  shown  In  Figure  6  as  the 
curves  labeled  "AA"  have  very  steep  slopes. 

43.  For  the  subgrade  strain  criterion  (Figure  6),  the  AA  curve  shows 
that  the  chance  of  success  Is  nearly  100  percent  the  designed  22-ln.  pavement 
can  last  450,000  strain  repetitions  and  fall  after  1,030,000  repetitions. 

When  the  CV  Is  Increased,  l.e.,  uncertainty  about  the  Input  parameters 
Increases,  the  slopes  of  the  curve  become  flatter  as  represented  by  curves  BB 
and  CC  In  Figure  6  for  CV  of  0.1  and  0.2,  respectively. 

44.  The  results  presented  In  Figures  3  and  4  assume  that  all  of  the 
four  design  Input  parameters  have  variations.  To  study  the  effect  of  each 
Individual  parameter  on  pavement  performance,  computations  were  made  to  vary 
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Relationships  between  reliability  and  allowable  strain  repetitions  for 

different  sets  of  CV 


only  one  parameter  each  time  while  the  variations  of  the  other  three  parame- 
tere  were  zero.  The  results  are  plotted  In  Figures  7  and  8  for  the  CV  of 
0.1  and  0.3,  respectively.  As  discussed,  the  significance  of  the  slopes  of 
the  curves  Is  that  the  steeper  the  slope,  the  lesser  the  pavement  performance 
Is  sensitive  to  the  variation  of  the  parameter.  Figures  7  and  8  show  that  for 
both  failure  criteria,  the  pavement  performance  (allowable  strain  repetition) 
is  least  sensitive  to  the  variation  of  the  subgrade  modulus  and  followed 

by  the  variation  of  the  bituminous  concrete  modulus  E^  .  The  pavement  per¬ 
formance  Is  most  sensitive  to  the  variation  of  the  bituminous  concrete  thick¬ 
ness  hj  and  Is  followed  by  the  aircraft  gear  load  P  . 


SUBGRADE  STRAIN  CRITERION 

Vi 


RELIABILITY  •  OS 


P«  178.000  LB 


E,  •  250.000  PSI 
h,  «  22  IN. 

:  62  •  9.000  PSI 


> 

*Z  0 


M  t.O 
c 


JN 


BITUMINOUS  CONCRETE  STRAIN 
JN  CRITERION 


COEFFICIENT  OF  VARIATION 


RELIABILITY  ^  0  5 


‘  CURVE 

P 

E. 

Ej- 

P  -  P 

0.1 

0.0 

0.0 

0.0 

E,-E, 

0.0 

0.1 

0.0 

0.0 

h,  -h, 

0.0 

0.0 

0  1 

00 

E2-E2 

0.0 

0.0 

0.0 

0.1 

Vi'-. 


STRAIN  repetition 


Figure  7.  Relationships  between  re  1  lab  1 1 ; tv  and  alloyable  strain 
repetition  for  AHC  pavements  with  varvin^  -  K' 


■e.v.,  < 


SUBGRAOE  STRAIN  CRITERION 


pavements  with  varying  CV 


45.  The  significance  of  the  results  presented  In  Figure  7  may  also  be 
explained  from  another  view  by  using  the  values  listed  In  Table  6.  Table  6 
shows  the  ranges  of  computed  allowable  strain  repetitions  within  +1  and  -1 
standard  deviation  of  the  subgrade  strain  value  for  four  different  cases.  In 
each  case  the  CV  of  one  parameter  Is  equal  to  0.1,  and  the  CV  of  the  other 
three  parameters  Is  set  at  zero.  The  subgrade  strain  value  computed  for  the 
pavement  In  this  particular  case  Is  0.000823  In. /In.  Since  the  area  within  +1 
and  -1  standard  deviation  under  a  normal  distribution  cuinre  is  0.683,  the  sig¬ 
nificance  of  the  strain  repetitions  shown  in  Table  6  can  be  explained  in  the 
following  manner. 

46.  If  only  the  variation  of  the  bituminous  concrete  thickness  h^  Is 

accounted  for  (CV(P)  =  0.1),  there  Is  a  68.3  percent  chance  that  the  predicted 
performance  of  the  pavement  falls  within  the  range  of  202,718  to  2,889,570 
strain  repetitions.  If  only  the  variation  of  the  subgrade  modulus  Is 

accounted  for  (CV'CE^)  *  0.1),  then  for  the  same  68.3  percent  of  chance,  the 
predicted  performance  will  fall  within  a  range  from  439,127  to  1,156,346 
strain  repetitions  that  Indicate  a  smaller  variation.  A  smaller  range  of  pre¬ 
dicted  pavement  performance  Indicates  that  the  design  has  a  greater  chance  of 
success. 

47.  The  results  presented  in  Figure  7  are  for  CV  of  0.1;  similar  com¬ 
putations  were  made  for  CV  of  0.3.  The  results  are  plotted  in  Figure  8. 

The  shapes  of  the  curves  are  similar  to  those  In  Figure  7,  except  that  the 
slopes  are  much  flatter.  Indicating  that  because  of  greater  variabilities  In 
the  Input  parameters  the  designs  have  a  greater  amount  of  uncertainty  and  thus 
a  smaller  chance  of  success. 

48.  The  results  presented  in  Figures  7  and  8  indicate  the  variations  of 
bituminous  concrete  thickness  h^  have  the  largest  effect  on  pavement  perfor¬ 
mance  and  is  followed  by  the  gear  load  P  ,  the  bituminous  concrete  modulus 

Ej  ,  and  the  subgrade  modulus  E^  .  The  significance  of  this  conclusion  will 
be  discussed  later  with  the  finding  for  conventional  flexible  pavements. 

Also,  the  results  presented  in  Figures  7  and  8  and  Table  6  are  for  the  case 
that  the  input  parameters  have  the  same  CV  ,  In  reality,  the  variation  of 
subgrade  modulus  E^  is  much  larger  than  the  variation  of  ABC  thickness  hj 
as  the  latter  can  be  controlled  easier  during  construction.  These  variations 
will  be  discussed  In  Part  VT. 


Three-layer  flexible  airfield  pavement 


49.  In  the  flexible  pavement  thickness  design  using  the  layered  elastic 
method  (Barker  and  Brabston  1975),  the  granular  base  and  subbase  layers  are 
divided  Into  many  sublayers,  and  the  elastic  modulus  of  each  sublayer  Is 
determined  based  on  the  moduli  of  the  underlying  layers.  However,  this  prac¬ 
tice  is  not  suitable  In  the  RELIBISA  program  because  of  the  requirement  for 
extremely  long  computer  time  as  the  number  of  Input  parameter  increases. 
Equivalent  modulus  values  have  to  be  used  for  the  base  and  subbase  layers  in 
the  analysis.  This  is  explained  in  the  next  paragraph. 

50.  A  typical  flexible  airfield  pavement  was  used  which  has  a  9-ln. 
bituminous  concrete  surface  layer  and  a  30-in.  granular  base  course.  A  modu¬ 
lus  of  200,000  psl  and  a  Poisson's  ratio  of  0.5  were  assumed  for  the  surface 
course  for  the  summer  temperatures,  and  a  modulus  of  1,000,000  psl  and  a  Pois¬ 
son's  ratio  of  0.3  were  assumed  for  the  winter  temperatures.  For  the  subgrade 
soil,  a  modulus  of  9,000  psl  and  a  Poisson's  ratio  of  0.45  were  used.  Two 
sets  of  computations  were  conducted  using  the  BISAR  computer  program 
(Konlnklljke/  Shell  Laboratorlum  1972).  In  the  first  set,  the  30-in.  base 
course  was  subdivided  Into  five  sublayers,  and  the  modulus  values  in  each 
layer  were  determined  using  the  procedures  outlined  In  Barker  and  Brabston 
(1975).  Strains  at  the  bottom  of  the  surface  layer  and  at  the  top  of  the  sub¬ 
grade  were  computed  for  both  the  summer  and  winter  conditions.  In  the  second 
set  of  computations,  a  range  of  modulus  values  was  assumed  for  the  30-in.  base 
course  which  Is  not  subdivided,  and  the  modulus  values  were  determined  In  such 
a  manner  that  the  computed  strain  values  were  matched  In  the  two  sets  of  com¬ 
putations.  For  the  summer  temperatures,  the  determined  modulus  of  the  30-ln. 
granular  base  course  is  60,000  psl  when  the  tensile  strains  at  the  bottom  of 
the  bituminous  concrete  layer  are  equal  In  the  two  sets  of  computations,  and 
the  modulus  Is  33,000  psl  when  the  vertical  strains  at  the  subgrade  surface 
are  equal.  For  the  winter  temperatures,  the  corresponding  moduli  are 

52,000  psl  and  30,000  psl,  respectively.  For  simplicity,  average  modulus  val¬ 
ues  for  the  granular  material  were  assumed  to  be  32,000  psl  for  the  summer 
temperatures  and  55,000  psl  for  the  winter  temperatures.  These  are  the  modu¬ 


lus  values  used  In  all  the  analyses  presented  In  this  section. 

51.  Two  series  of  computations  were  made  using  the  RELIBISA  computer 
program  to  analyze  flexible  airfield  pavement  parameters  In  terms  of  probabil¬ 
ity  and  reliability.  In  the  first  series,  the  thickness  of  the  bituminous 
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concrete  surface  course  Is  held  9  In.,  and  a  range  of  granular  base  layer 

h2  Is  assumed.  In  the  other  series,  the  thickness  of  the  base  layer  Is 

held  constant  30  In.,  and  a  range  of  surface  layer  hj  Is  assumed.  The  CV 
of  the  Input  parameters,  gear  load  P  ,  moduli  of  the  bituminous  concrete  Ej 
,  the  granular  base  course  and  the  subgrade  ,  and  the  thicknesses  of 

the  surface  course  h^  and  the  base  course  h^  were  assumed  to  be  0.1,  0.15, 
0.2,  0.25,  0.1,  and  0.15,  respectively.  The  computed  results  are  similar  to 
those  In  Table  2  and  are  plotted  In  Figures  9  and  10  for  the  subgrade  strain 
criterion  (summer  temperatures)  and  the  bituminous  concrete  strain  criterion 
(winter  temperatures),  respectively. 

52.  The  curves  shoim  In  Figure  9  for  the  subgrade  strain  criterion  are 
generally  parallel  to  each  other.  For  a  given  bituminous  concrete  thickness 
hj  ,  Increasing  the  thickness  of  base  course  h^  can  Increase  the  allowable 
strain  repetition  of  the  pavement.  This  Is  also  true  If  this  procedure  Is 
reversed.  Figure  10  shows  that  for  the  bituminous  concrete  strain  criterion, 
the  performance  of  the  pavement  can  certainly  be  improved  with  the  Increase  of 
the  thickness  of  the  bituminous  concrete  surface  layer  hj  (for  a  given 
thickness  of  the  granular  base  course).  This  Is  also  true  if  the  thickness  of 
the  surface  layer  hj  Is  held  a  constant  and  the  thickness  of  the  granular 
base  course  h2  is  varied,  but  the  benefit  reduces  rapidly  for  very  thick 
base  course  layer,  which  Is  demonstrated  by  the  closely  spaced  curves  at 
greater  h2  values  presented  In  the  lower  part  of  Figure  10.  The  results  In 
Figures  9  and  10  can  also  be  explained  by  the  relationships  between  the  strain 
repetition  and  layer  thicknesses  hj  and  h2  at  different  reliability  levels 
plotted  In  Figure  11.  The  results  presented  In  Figure  11  are  similar  to  those 
in  Figure  5  for  the  ABC  pavements.  The  slopes  of  the  curves  Indicate  the  rate 
of  change  of  allowable  strain  repetition  due  to  change  of  layer  thicknesses 

hj  or  h2  •  Obviously  the  steeper  the  slope  of  the  curve,  the  better  the 
design  for  that  particular  failure  mode  would  be. 

53.  The  curves  In  Figure  11  In  the  region  where  the  base  course  thick¬ 
ness  h2  Is  less  than  30  In.  have  generally  the  same  slope  as  those  in  Fig¬ 
ure  11.  As  the  thickness  of  the  base  course  continues  to  Increase,  the  slopes 
of  the  curves  drop  slightly.  Since  the  unit  cost  of  granular  base  course  Is 
much  less  than  the  bituminous  concrete  surface  course,  It  is  eronomlcallv  more 
beneficial  to  increase  the  thickness  of  the  granular  base  course  to  prevent 


Figure  11.  Relationships  between  pavement  layer  thicknesses  and  strain 
repetition  (from  Figures  9  and  10)  with  flexible  pavements 

the  pavement  from  subgrade  failure.  This  is  logical  in  the  structural  view¬ 
point  as  the  base  course  is  placed  directly  on  the  subgrade. 

54.  Figure  11  shows  curves  plotted  for  the  bituminous  concrete  strain 
criterion.  The  steep  slopes  in  Figure  11c  indicate  the  structural  benefit  of 
increasing  bituminous  concrete  thickness  to  prevent  the  pavement  from  failure 
of  surface  cracking.  The  flatter  slopes  of  the  curves  in  Figure  lid  indicate 
relatively  little  significance  of  base  course  support  in  a  flexible  pavement 


in  the  limitation  of  fatigue  cracking  of  the  surface  course.  Figure  11  also 
shows  that  the  significance  of  base  course  reduces  rapidly  as  its  thickness 
continues  to  Increase. 


55.  Based  on  the  discussions  presented  in  previous  paragraphs,  it  is 
more  beneficial  to  Increase  the  granular  base  course  thickness  than  to  in¬ 
crease  the  bituminous  concrete  surface  course  thickness,  provided  that  an  ade¬ 
quate  thickness  of  bituminous  concrete  surface  course  is  used  to  prevent 
surface  course  fatigue  cracking. 

56.  The  curves  presented  In  Figure  11  provide  the  engineers  with  a  tool 
to  vary  the  layer  thicknesses  (h^  or  h2)  to  be  suitable  for  the  specific 
design  performance  level  of  the  runway  and  for  a  given  predetermined  reliabi¬ 
lity  level  of  the  design.  An  optimum  design  may  be  made  to  select  the  thick¬ 
nesses  of  the  bituminous  concrete  and  the  base  layers  so  that  the  pavement  Is 
failed  In  fatigue  cracking  and  subgrade  failure  at  nearly  the  same  traffic 
level  and  the  same  reliability  level. 

57.  Similar  to  results  presented  In  Figures  7  and  8  for  ABC  pavements. 

Figures  12  and  13  show  results  of  the  effect  of  each  Individual  parameter  on 
the  performance  of  flexible  pavements.  Computations  were  made  to  vary  only 
one  parameter  each  time  while  variations  of  the  other  five  parameters  were 
zero.  The  results  presented  in  Figures  12  and  13  are  for  the  CV's  of  0.1 
and  0.3,  respectively.  Both  figures  show  that  the  variabilities  of  different 
input  parameters  have  different  degree  of  Impact  on  pavement  performance.  For 
both  failure  criteria,  the  pavement  performance  (allowable  strain  repetition) 
is  most  sensitive  to  the  variation  of  the  aircraft  load  P  .  For  the  subgrade 
strain  criteria,  the  pavement  performance  is  more  sensitive  to  variations  of 
the  thickness  of  the  granular  base  layer  h^  (which  Is  placed  directly  on  the 
subgrade)  and  the  modulus  of  the  subgrade  .  The  pavement  performance  Is 
less  sensitive  to  the  thickness  and  modulus  of  the  bituminous  concrete  surface 
course  h^  and  ,  respectively,  and  the  modulus  of  the  base  course  E2  . 
For  the  bituminous  concrete  strain  criterion,  the  pavement  performance  is  more 
sensitive  to  variations  of  the  thickness  and  modulus  of  the  bituminous  con¬ 
crete  layer  hj^  and  E^  ,  respectively,  and  Is  less  sensitive  to  variations 
of  the  thickness  and  modulus  of  the  base  layer  h^  and  E^  ,  respectively, 
and  the  modulus  of  the  subgrade  .  It  Is  interesting  to  note  that  the 

pavement  performance  is  more  sensitive  to  variations  of  layer  thickness  than 
the  elastic  modulus  of  the  layer  material,  and  it  is  least  sensitive  to  the 
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Relationships  between  reliability  and  strain  repetition  for  flexible  pavements  with 

varying  CV 


SUBGRAOE  STRAIN  CRITERION 
(SUMMER  TEMPERATURE) 

E,  =  200.000  PSI,  Ej  -  32,000  PSI 


variation  of  modulus  of  the  bituminous  concrete  surface  layer  in  the  sub¬ 
grade  strain  criterion  and  to  the  variation  of  subgrade  modulus  in  the 

bituminous  concrete  strain  criterion.  Thus,  the  performance  of  a  flexible 
pavement  is  sensitive  In  the  descending  order,  to  variations  of  P  ,  h2  * 

E3  ,  ^2  »  ^2  ’  ^1  subgrade  strain  criterion,  and  to  variations 

of  P  ,  ^*2  ’  ’  ^2  ’  ^2  ’  ^3  bituminous  concrete  strain 

criterion. 

58.  The  significance  of  the  results  presented  in  Figure  12  may  also  be 
explained  from  another  viewpoint  by  using  the  values  listed  in  Table  7. 

Table  7  shows  the  ranges  of  computed  allowable  strain  repetitions  within  +1 
and  -1  standard  deviation  of  the  subgrade  strain  value  for  six  different 
cases.  In  each  case,  the  CV  of  one  parameter  is  equal  to  0.1,  and  the  CV's 
of  the  other  five  parameters  are  set  at  zero.  The  subgrade  strain  value  com¬ 
puted  for  the  pavements  is  0.0009A04  in. /in.  Table  7  shows  that  the  standard 
deviation  of  the  subgrade  strain  is  the  largest  for  the  load  P  and  is  the 
smallest  for  the  modulus  of  bituminous  concrete  surface  course  E^  .  When 
only  the  variation  of  the  load  P  is  accounted  for,  there  is  a  68.3  percent 
chance  (l.e.,  the  area  within  +1  and  -I  standard  deviation  under  a  normal  dis¬ 
tribution  curve)  that  the  predicted  pavement  performance  falls  within  the 
range  of  56,160  to  479,000  strain  repetitions.  If  only  the  variation  of  the 
modulus  of  bituminous  concrete  E^  is  accounted  for,  the  predicted  perfor¬ 
mance  for  the  same  percent  of  chance  narrows  down  to  a  range  from  142,500  to 
169,670  strain  repetitions,  indicating  a  smaller  variation  and  thus  a  design 
with  less  uncertainty. 

59.  The  curves  presented  in  Figure  13  are  for  a  CV  of  0.3.  The  pat¬ 
terns  of  the  curves  are  similar  to  those  in  Figure  12,  except  that  the  slopes 
of  the  curves  are  much  flatter  due  to  larger  CV  of  the  input  parameters. 

The  flatter  slope  of  the  reliability-strain  repetition  curve  indicates  greater 
uncertainties  of  the  designed  pavement. 

60.  Although  the  pavement  performance  is  more  sensitive  to  the  varia¬ 
tions  of  layer  thickness  than  the  modulus  of  the  layer,  the  actual  variation 
of  material  moduli  in  the  field  is  known  to  be  larger  than  the  variation  of 
layer  thicknesses.  This  aspect  of  material  variabilities  is  presented  in 
Part  VI. 


PART  VI:  VARIABILITY  OF  INPUT  PARAMETERS 
OF  FLEXIBLE  AIRFIELD  PAVEMENTS 


61.  Figure  5  indicates  that  for  an  ABC  pavement  the  pavement  perfor¬ 

mance  is  sensitive  to  variations  of  (in  the  descending  order)  ABC  thickness 
h^  t  aircraft  load  P  ,  ABC  modulus  E^  ,  and  subgrade  modulus  E^  for  both 
bituminous  concrete  and  subgrade  strain  criteria.  Figures  12  and  13  indicate 
that  for  conventional  flexible  pavements  the  performance  is  sensitive  to  vari¬ 
ations  of  (in  the  descending  order)  load  P  ,  bituminous  concrete  surface 
course  thickness  h^  and  modulus  E^  ,  respectively,  granular  base  course 
modulus  E^  and  thickness  h^  ,  respectively,  and  subgrade  modulus  E^  for 
the  bituminous  concrete  strain  criterion,  and  is  sensitive  to  variations  of 
(in  the  descending  order)  P  ,  ^2  ’  ^3  *  ^1  ’  ^2  ’  ^1  sub¬ 

grade  strain  criterion.  However,  these  conclusions  are  based  on  the  analysis 
assuming  that  the  input  parameters  have  the  same  degree  of  variation.  In 
reality,  some  parameters  have  larger  variations  than  others.  This  section 
presents  the  existing  knowledge  of  variability  of  input  parameters  for  flexi¬ 
ble  airfield  pavements. 

62.  It  has  been  found  that  the  thickness  variations  in  actual  field 
constructions  are  not  very  large.  Sherman  (1971)  measured  pavement  thick¬ 
nesses  in  highway  construction  in  California  from  1962  to  1969.  Table  8  pre¬ 
sents  the  thickness  variations  for  various  pavement  materials.  Approximate 
standard  errors  obtained  from  the  table  by  pooling  the  mean  squares  are  shown 
below  fDarter  and  Hudson  1973) : 

Material _  Standard  Error,  in.  Number  of  Tests 


Asphalt  concrete 

0.41 

9,775 

Cement-treated  base 

0.68 

9,749 

Aggregate  base 

0.79 

8,053 

Aggregate  subbase 

1.25 

10,578 

63.  Although  the  average  CV's  for  these  pavement  component  layers  are 
generally  near  or  less  than  10  percent,  effort  should  be  made  to  reduce  pave¬ 
ment  thickness  variation  during  construction  as  much  as  possible. 

64.  Although  the  effect  of  the  variation  of  moduli  of  layer  materials  on 
pavement  performance  Is  not  as  large  as  that  of  layer  thlr^ness,  the  actual 


variations  of  moduli  In  the  field  are  known  to  be  very  large.  The  CV  can  be 
as  much  as  50  percent  or  more.  More  efficient  construction  methods  and  equip¬ 
ments  should  be  used,  and  strict  compaction  and  quality  controls  should  be 
exercised  In  construction  to  reduce  material  modulus  variations.  Table  8  pre¬ 
sents  variability  recommendations  for  pavement  materials  as  suggested  by 
Wltczak,  Uzan,  and  Johnson  (1983)  which  may  be  used  for  different  levels  of 
Inherent  variability. 

65.  The  control  of  load  variation  is  beyond  the  jurisdiction  of  pavement 
engineers.  Since  the  variation  of  aircraft  load  has  a  large  effect  on  pave¬ 
ment  performance,  the  airfield  operators  should  be  Informed  and  advised  to 
limit  aircraft  overload  cases. 
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PART  VII:  SIGNIFICANCE  OF  FAILURE  CRITERIA 


66.  The  relationships  between  reliability  level  and  strain  repetitions 
presented  in  Figures  3,  4,  6,  7,  8,  9,  10,  12,  and  13  are  computed  using  the 
RELIBISA  computer  program  which  Incorporates  the  failure  criteria  in  Figures  1 
and  2.  The  reliability-strain  repetition  curves  are  thus  solely  determined  by 
the  failure  criteria  incorporated  in  the  computation.  To  Illustrate  this 
point,  efforts  were  made  to  employ  different  failure  criteria  and  establish 
corresponding  relationships  between  reliability  and  strain  repetition. 

67.  Figure  14  shows  four  different  subgrade  strain  criteria  as  repre¬ 
sented  by  criteria  A,  B,  C,  and  D.  The  original  subgrade  strain  criterion  for 
a  subgrade  modulus  E^  «  9,000  psl  is  shown  in  the  figure  for  comparison.  In 
Figure  14,  the  three  straight  lines  meet  at  the  point  where  the  strain  repeti¬ 
tion  is  700,000  which  is  set  arbitrarily.  Criterion  A  has  a  slope  steeper 
than  the  original  criterion.  Since  the  curves  are  pivoted  at  700,000  repeti¬ 
tions,  criterion  A  is  more  conservative  for  repetitions  less  than  700,000  and 
is  less  conservative  for  repetitions  greater  than  700,000.  For  instance,  at  a 

-3 

strain  value  of  1.0  x  10  in. /in.,  the  original  criterion  predicts  a  strain 
repetition  of  85,000,  and  criterion  A  gives  a  repetition  of  3,200,000.  Crite¬ 
rion  B  has  a  flatter  slope  than  the  original  and  is  thus  less  conservative  for 
repetitions  less  than  700,000  and  more  conservative  for  repetitions  greater 
than  700,000.  Criteria  C  and  D  are  drawn  parallel  to  the  original  criterion 
with  criterion  C  above  the  original  and  criterion  D  below.  Therefore  crite¬ 
rion  C  gives  more  conservative  predictions,  and  criterion  D  gives  less  conser¬ 
vative  predictions  than  the  original  criterion  predicts. 

68.  Figure  15  presents  the  relationships  between  the  reliability  and 
strain  repetition  computed  from  the  strain  criteria  in  Figure  14.  The  steeper 
the  slope  oi  the  failure  strain  criterion  (Figure  14),  the  steeper  the  slope 
of  the  reliability-strain  repetition  curve  (Figure  15).  The  curves  in  Fig¬ 
ure  15  are  generally  parallel  to  each  other  as  the  corresponding  strain  cri¬ 
teria  in  Figure  14.  Criterioti  C  in  Figure  14  is  drawn  above  the  original 
strain  criterion  (l.e.,  more  conservative  with  higher  predicted  strain  repeti¬ 
tion  for  a  given  strain  value),  and  the  reliability-strain  repetition  curve  in 
Figure  15  (criterion  C)  is  moved  to  locations  of  higher  strain  repetitions 
than  the  curve  computed  from  the  original  strain  criterion.  The  two  curves 
are  generally  parallel  to  each  other.  Criterion  I)  in  Figure  14  is  drawn  below 


Figure  14.  Subgrade  strain  criteria  for  flexible  airfield  pavements 


the  original  strain  criterion  (l.e.,  less  conservative  with  lower  predicted 
strain  repetition  for  a  given  strain  value),  and  the  reliability-strain 
repetition  curve  In  Figure  15  (criterion  D)  Is  moved  to  locations  of  lower 
strain  repetitions  than  the  curve  computed  from  the  original  strain  criterion. 

69.  Strains  are  computed  Independent  of  the  failure  criterion  employed. 
The  allowable  strain  repetitions  are  estimated  from  strain  values  through  the 
failure  criterion  employed.  For  a  given  range  of  strain  values,  the  range  of 
predicted  strain  repetitions  Is  smaller  for  failure  strain  criterion  having 
steeper  slope  (Figure  14),  and  thus  resulting  In  a  steeper  slope  of  the 
reliability-strain  repetition  curve  (Figure  15)  and  lesser  uncertainty  in  the 
designed  pavement.  When  the  failure  strain  criterion  Is  moved  in  the  parallel 
direction  (Figure  14),  the  resulting  reliability-strain  repetition  curve  also 
moves  parallel  In  the  direction  of  strain-repetition  axis. 

70.  All  the  reliability-strain  repetition  curves  shown  in  the  figures 
have  steeper  slopes  for  the  bituminous  concrete  strain  criterion  than  for  the 
subgrade  strain  criterion.  It  seems  that  flexible  pavements  designed  using 
the  Corps  of  Engineer's  failure  criteria  (Figures  1  and  2)  will  have  a  greater 
degree  of  uncertainty  In  preventing  subgrade  failure  than  preventing  fatigue 
cracking  of  bituminous  concrete  surface  course.  However,  this  may  not  be  true 
In  real  cases.  It  is  extremely  Important  to  point  out  at  this  stage  that  the 
subgrade  failure  criteria  presented  In  Figure  2  are  primarily  based  on  the 
full-scale  accelerated  traffic  test  data  while  the  bituminous  concrete  strain 
criteria  are  derived  based  on  laboratory  fatigue  data  on  the  breaking  stress 
and  strain  of  bituminous  base-course  materials  (with  about  5  percent  air 
voids).  Since  failure  criteria  derived  from  laboratory  tests  do  not  consider 
the  uncertainties  existing  in  the  laboratory-to-f leld  correlations,  the  actual 
performance  of  the  pavement  will  be  more  uncertain  than  Is  considered  In  the 
design.  Even  though  the  slopes  of  the  reliability-strain  repetition  curves 
are  steeper  In  the  bituminous  concrete  strain  criterion  than  In  the  subgrade 
strain  criterion.  It  Is  not  necessarily  true  that  pavements  designed  using  the 
Corps  of  Engineer's  failure  criteria  will  have  lesser  degree  of  uncertainty  In 
preventing  fatigue  cracking  of  bituminous  concrete  surface  course  than  pre¬ 
venting  subgrade  failure.  There  Is  a  need  to  Incorporate  the  field  uncertain¬ 
ties  Into  the  laboratory  determined  failure  criteria. 
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PART  VIII;  CONCLUSIONS  AND  RECOMMENDATIONS 

Conclusions 

71.  Based  on  the  analysis  of  RELIBISA  computer  program  which  Is  a  lay¬ 
ered  elastic  pavement  design  approach  In  terms  of  probability  and  reliability, 
the  following  conclusions  can  be  drawn  for  flexible  airfield  pavement  design 
using  the  layered  elastic  method. 

ABC  pavements 

72.  The  relationships  between  reliability  and  strain  repetition  for 
various  ABC  thickness  (Figures  3  and  4)  can  be  used  to  design  a  pavement  In 
terms  of  probability  and  reliability.  For  a  desired  reliability  level  of  the 
design  system,  the  ABC  thickness  can  be  varied  to  agree  with  the  designed 
strain  repetition,  or  the  allowable  strain  repetition  be  modified  for  a  given 
ABC  thickness. 

73.  The  change  of  the  allowable  strain  repetition  due  to  the  change  of 
ABC  thickness  is  greater  with  respect  to  the  subgrade  strain  criterion  than 
with  the  bituminous  concrete  strain  criterion  (Figure  5). 

74.  The  performance  of  an  ABC  pavement  is  sensitive  to  variations  of 

the  input  parameters  (In  the  descending  order)  ABC  thickness  hj  ,  gear  load 
P  ,  ABC  modulus  Ej  ,  and  subgrade  modulus  for  both  bituminous  concrete 

and  subgrade  strain  criteria  (Figures  7  and  8). 

Three-layer  conven- 
tlonal  flexible  pavements 

75.  The  relationships  between  reliability  and  strain  repetition  (such 
as  Figures  9  and  10)  can  be  used  to  design  a  pavement  In  terms  of  probability 
and  reliability.  For  a  derlred  reliability  level  of  the  design  system,  the 
thickness  of  the  bituminous  concrete  surface  course  or  the  thickness  of  the 
granular  base  can  be  varied  to  agree  with  the  designed  strain  repetition,  or 
the  allowable  strain  repetition  be  modified  for  a  given  pavement  structure. 

7b.  For  the  subgrade  strain  failure  criterion,  the  change  of  the  allow¬ 
able  strain  criterion  due  to  the  change  of  the  thickness  of  bituminous  con¬ 
crete  surface  course  is  about  the  same  as  the  change  of  the  thickness  of 
granular  base  course.  Since  the  unit  cost  of  granular  layer  Is  less  than  the 
bituminous  concrete  course,  It  Is  economlcallv  beneficial  to  Increase  the 
thickness  of  the  granular  base  to  prevent  the  pavement  from  subgrnde  failure. 


The  support  from  base  course  has  relatively  lesser  significance  In  preventing 
fatigue  cracking  of  the  bituminous  concrete  surface  course  than  to  Increase 
the  thickness  of  the  bituminous  concrete  layer  Itself,  and  the  significance 
reduces  rapidly  as  the  thickness  of  the  granular  base  continues  to  Increase 
(Figure  11). 

77.  The  performance  of  a  flexible  pavement  Is  sensitive  to  variations 
of  the  Input  parameters  (In  the  descending  order)  the  gear  load  P  ,  the 
thickness  of  the  granular  base  h^  ,  the  subgrade  modulus  ,  the  thickness 
of  the  bituminous  concrete  surface  course  h^  ,  the  granular  base  modulus 

,  and  the  modulus  of  the  bituminous  concrete  surface  course  for  the 

subgrade  strain  criterion,  and  to  variations  of  P  ,  ’  ^2  ’  ^2  ’ 

and  E^  for  the  bituminous  concrete  strain  criterion.  In  the  subgrade  strain 
criterion  the  pavement  performance  Is  more  sensitive  to  the  variation  of 
thickness  of  the  granular  base  course  h^  but  least  sensitive  to  the  vari¬ 
ation  of  modulus  of  the  bituminous  concrete  surface  course  Ej  while  in  the 
bituminous  concrete  strain  criterion  the  pavement  performance  Is  more  sensi¬ 
tive  to  the  variation  of  the  thickness  of  the  bituminous  concrete  surface  cor¬ 
ner  Ej  but  least  sensitive  to  the  variation  of  subgrade  modulus  E^ 

(Figures  12  and  13). 

General 

78.  The  pavement  performance  is  generally  more  sensitive  to  the  varia¬ 
tion  of  layer  thickness  than  to  that  of  the  elastic  modulus  of  the  layer  mate¬ 
rial.  Actual  variations  of  layer  thickness  In  the  field  are  known  to  be 
lesser  than  variations  of  material  moduli. 

79.  All  the  reliability-strain  repetition  curves  have  steeper  slope  for 
the  bituminous  concrete  strain  failure  criterion  than  for  the  subgrade  strain 
failure  criterion.  It  seems  that  flexible  pavement  designed  using  the  Corps 
of  Engineers'  failure  criteria  (Figures  1  and  2)  will  have  a  greater  degree  of 
uncertainty  In  preventing  subgrade  failure  than  preventing  fatigue  cracking  of 
the  bituminous  concrete  surface  course.  However,  this  may  not  be  true  In  real 
cases.  The  subgrade  failure  criteria  presented  In  Figure  2  are  based  on  the 
full-scale  accelerated  traffic  test  data,  and  the  bituminous  concrete  strain 
criteria  (Figure  1)  are  derived  based  on  laboratory  test  data  which  do  not 
consider  the  uncertainties  existing  In  the  1 aboratory-to-f leld  correlations. 
The  actual  performance  of  the  pavement  with  respect  to  fatigue  cracking  will 
be  more  uncertain  than  Is  considered  In  the  design.  Even  though  the  slopes  of 


the  reliability-strain  repetition  curves  are  steeper  in  the  bituminous  con¬ 
crete  strain  criterion  than  in  the  subgrade  strain  criterion,  it  is  not  neces¬ 
sarily  true  that  pavement  designed  using  the  Corps  of  Engineer's  failure 
crlte’-la  will  have  lesser  degree  of  uncertainty  in  preventing  fatigue  cracking 
of  bituminous  concrete  surface  course  than  preventing  subgrade  failure. 

80.  The  relationships  between  reliability  and  strain  repetition  devel¬ 
oped  for  ABC  and  flexible  pavements  (Figures  3,  4,  5,  9,  10,  and  11)  can  be 
used  to  optimize  the  design.  The  thicknesses  of  the  bituminous  concrete  and 
the  base  layers  can  be  selected  so  that  the  pavement  is  failed  in  fatigue 
cracking  and  subgrade  failure  at  nearly  the  same  traffic  level  and  the  same 
reliability  level.  In  some  cases  the  subgrade  modulus  value  may  have  to  be 
varied  to  obtain  an  optimum  design. 

Recommendations 

81.  The  reliability-strain  repetition  curves  developed  using  the 
RELIBISA  computer  program  are  predicated  by  the  failure  criteria  (Figures  1 
and  2)  employed  in  the  computation.  The  subgrade  strain  failure  criteria 
(Figure  2)  are  primarily  based  on  the  full-scale  accelerated  traffic  test 
data,  and  the  bituminous  concrete  strain  failure  criteria  are  derived  based  on 
laboratory  fatigue  data  of  bituminous  base-course  materials.  Since  failure 
criteria  based  on  laboratory  test  data  do  not  involve  uncertainties  existing 
in  the  laboratory-to-f leld  correlations,  the  actual  performance  of  such  a 
pavement  with  respect  to  fatigue  cracking  will  be  more  uncertain  than  is  con¬ 
sidered  in  the  design.  There  is  a  strong  need  to  incorporate  the  field  uncer¬ 
tainties  into  the  bituminous  concrete  failure  criteria  (Figure  1)  which  was 
determined  based  on  controlled  laboratory  test  data. 
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Table  2 

Partial  Computer  Results  of  RELIBISA  Computer  Progrem 


Reliability 

Strain 

Repetition' 

0.9987 

s 

0.5  +  0.4987** 

0.40817E-03  = 

e 

+ 

3a  t 

173890.14 

0.9974 

0.40189E-03 

E 

187906.51 

0.9953 

0.39561E-03 

203300.71 

0.9918 

0.38933E-03 

220233.39 

0.9861 

0.38305E-03 

238886.85 

0.9772 

s 

0.5  +  0.4772** 

0.37677E-03  = 

e 

+ 

2o  t 

259468.84 

0.9641 

0.37049E-03 

E 

282215.83 

0.9452 

0.36421E-03 

307398.31 

0.9192 

0.35794E-03 

335325.81 

0.8849 

0.35166E-03 

366354.06 

0.8413 

a 

0.5  +  0.3413** 

0.34538E-03  = 

£ 

+ 

a 

400892.23 

0.7881 

0.33910E-03 

£ 

439412.48 

0.7257 

0.33282E-03 

482460.46 

0.6554 

0.32654E-03 

530669.65 

0.5793 

0.32026E-03 

584776.63 

0.5000 

0.31398E-03  = 

ett 

645640.77 

0.4207 

0.30770E-03 

714266.76 

0.3446 

0.30142E-03 

791834.63 

0.2743 

0.29514E-03 

879733.76 

0.2119 

0.28886E-03 

979606.13 

0.1587 

a 

0.5  -  0.3413** 

0.28258E-03  = 

e 

+ 

a 

1093397.03 

0.1151 

0.27630E-03 

E 

1223423.80 

0.0808 

0.27002E-03 

1372454.52 

0.0548 

0.26374E-03 

1543809.42 

0.0359 

0.25746E-03 

1741489.42 

0.0228 

a 

0.5  -  0.4772** 

0.25118E-03  = 

E 

2o 

1970334.63 

0.0139 

0.24490E-03 

E 

2236232.38 

0.0082 

0.23862E-03 

2546371.47 

0.0047 

0.23234E-03 

2909584.72 

0.0026 

0.22606E-03 

3336775.09 

0.0013 

a 

0.5  -  0.4987* 

0.21979E-03  = 

E 

- 

3a 

E 

3841485.34 

*  Load  repetitions  are  determined  from  failure  criteria  shown  In  Figures  1 
and  2  based  on  the  given  strain  value. 

**  0.3413,  0.4772,  and  0.4987  are  halves  of  the  area  within  plus  and  minus 

one,  two,  and  three  standard  deviations,  respectively,  under  a  normal  dis¬ 
tribution  curve. 

t  0  is  the  standard  deviation  of  strain  and  Is  equal  to  0.000031398  in. /in. 
In^thls  example. 

ft  t  Is  the  strain  computed  based  on  mean  Input  parameters. 


Table  3 

Computations  of  CuMulatlve  Damage  for  Three  Conventional 
Flexible  Pavement  Sections 


_  _ _  ^ 


Traffic 

Period* 

Bituminous 

Concrete 

Modulus 

10^  psl 

Computed  „  . 

HorlLntal 

Tensile  .  ^ 

Strain  t^^J*** 

Strain 

10  In. /In.  Repetitions** 

Number 

of 

Allowable 

Strain 

Repetitions 

Damage 

Incrementf 

Cumulative 

Damage 

5-ln.  Surface  Course 

1 

1,500 

2.73  9,009 

11,463 

0,78595 

0.78595 

2 

1,270 

2.85 

13,911 

0.64760 

1.43355 

3 

920 

3.15 

19,144 

0.47059 

1.90413 

4 

570 

3.50 

42,562 

0.21167 

2,11580 

5 

360 

3.90 

90,814 

0.09920 

2,21500 

6 

220 

4.30 

215,393 

0.04183 

2.25683 

7 

180 

4.45 

309,878 

0.02907 

2.28590 

8 

180 

4.45 

309,878 

0.02907 

2.31498 

9 

260 

4.15 

163,546 

0.05509 

2,37006 

10 

540 

3.52 

48,266 

0. 18666 

2.55672 

11 

1,000 

3.06 

•  17,79-5-  • 

0.50625 

3.06297 

12 

1,400 

2.77 

12,693 

0.70976 

3,77273 

7-ln.  Surface  Course 

1 

1,500 

2.26  9,009 

29,482 

0.030558 

0.30558 

2 

1,270 

2.42 

31,515 

0.28586 

0.59144 

3 

920 

2.74 

38,445 

0.23434 

0.82578 

4 

570 

3,20 

66,621 

0.13523 

0.96100 

5 

360 

3.60 

135,508 

0.06648 

1.02749 

6 

220 

4.12 

266,739 

0.03377 

1 .06126 

7 

180 

4.31 

363,584 

0.02478 

1.08604 

8 

180 

4.31 

363,584 

0.02478 

1.11082 

9 

260 

3.95 

209,361 

0.04303 

1.15385 

10 

540 

3,25 

71,934 

0.12524 

1.27909 

11 

1,000 

2.65 

36,533 

0.24660 

1.52569 

12 

1,400 

2.34 

29,505 

0.30534 

1.83103 

9-ln.  Surface  Course 

1 

1,500 

1.86  9,009 

78,078 

0. 11538 

0.  11538 

2 

1,270 

2.02 

77,775 

0.11583 

0.23122 

3 

920 

2.35 

82,843 

0. 10875 

0.33997 

4 

570 

2.75 

142, 134 

0.06338 

0.40335 

5 

360 

3.33 

200,104 

0.04502 

0.44837 

6 

220 

3.90 

350,954 

0.02567 

0.47404 

7 

180 

4.06 

490,186 

0.02838 

0.49242 

8 

180 

4.06 

490,186 

0.01838 

0.51080 

9 

260 

3.72 

282,596 

0.03188 

0.54268 

10 

540 

2.80 

151,551 

0.05945 

0.60212 

11 

2.27 

79,211 

0. 11373 

0.71586 

12 

1.94 

75,329 

0. 11960 

0,83545 

*  Vrafflc  period  i  consists  of  the  20  January  In  the  20-year  design  life;  traffic 
period  2  consists  of  the  20  February,  etc. 

**  The  number  of  applied  strain  repetitions  Is  200,000  (the  number  of  total 

departures)  divided  by  1,85  (the  factor  for  converting  departures  to  coverages) 
divided  by  12  fthe  number  of  traffic  periods). 

+  The  damage  Increment  Is  the  number  of  applied  repetitions  divided  by  the  number 
of  allowable  repetitions. 


Table  4 

Computations  of  Cumulative  Damage  of  the  Bituminous  Concrete 
for  Three  All-Bltumlnous  Concrete  (ABC)  Pavement  Sections 


Traffic 

Period 


Bituminous  Computed 

Concrete  Horizontal 
Modulus  Modulus 

10^  psl  10~^  In. /In. 


Number 

of 

Applied 

Strain 

Repetitions 


Number 

of 

Allowable 
Strain  Damage 

Repetitions  Increment 


18-ln.  ABC  Pavement 


1 

1,600 

1.19 

16,666 

616,171 

0.02705 

2 

1,400 

1.30 

557,508 

0.02989 

3 

1,060 

1.57 

430,789 

0.03869 

4 

700 

2.10 

303,983 

0.05483 

5 

460 

2.52 

404,696 

0.04118 

6 

280 

3.60 

271,805 

0.06132 

7 

230 

4.10 

242,430 

0.06875 

8 

230 

4.10 

242,430 

0.06875 

9 

340 

3.12 

325,013 

0.05128 

10 

670 

2.15 

306,293 

0.05441 

11 

1,200 

1.45 

469,095 

0.03553 

12 

1,500 

1.25 

569,568 

0.02926 

22-ln.  ABC  Pavement 


1 

1,600 

0.81 

16.666 

4,217,056 

0.00395 

2 

1,400 

1.00 

2,069,987 

0.00805 

3 

1,060 

1,20 

1,651,418 

0.01009 

4 

700 

1.61 

1,147,669 

0,01452 

5 

460 

1.94 

1,496,656 

0.01114 

6 

280 

2.70 

1,145,385 

0.01455 

7 

230 

3,08 

1,013,333 

0.01645 

8 

230 

3.08 

1,013,333 

0.01645 

9 

340 

2.37 

1,285,085 

0.01297 

10 

670 

1.65 

1,150,563 

0.01449 

11 

1,200 

1.10 

1,866,973 

0.00893 

12 

1,500 

0.95 

2,246,338 

0.00742 

26-ln.  ABC  Pavement 


1 

1,600 

0.76 

16,666 

5,799,176 

0.00287 

2 

1,400 

0.83 

5,255,036 

0.00317 

3 

1,060 

1,00 

4,109,259 

0.00406 

4 

700 

1.30 

3,343,701 

0.00498 

5 

460 

1.57 

4,311,544 

0.00387 

6 

280 

2.26 

2,787,587 

0.00598 

7 

230 

2.46 

3,117,671 

0.00535 

8 

230 

2.46 

3,117,671 

0.00535 

9 

340 

1.80 

5,085,233 

0.00328 

10 

670 

1.35 

3,138,067 

0.00531 

11 

1,200 

0.92 

4,562,078 

0.00365 

12 

1,500 

0.80 

5,304,486 

0.00314 

Cumulative 

Damage 


0.02705 

0.05694 

0.09563 

0.15045 

0.19164 

0.25295 

0.32170 

0.39044 

0.44172 

0.49613 

0.53166 

0.56092 


0.00395 

0.01200 

0.02210 

0.03662 

0.04775 

0.06230 

0.07875 

0.09520 

0.10817 

0.12265 

0.13158 

0.13900 


0.00287 
0.00605 
O.OlOlO 
0.01509 
0.01895 
0.02493 

0.03028 
0.03562 
0.03890 
0.04421 
0.04786 
0.05100  J 


Table  S 

Computations  of  Cumulative  Damage  of  the  Subgtade  for  Four 


All-Bltumlnous  Concrete  (ABC)  Pavement  Sections 


Computed 
Bituminous  Horizontal 


Monthly 

Period 


Concrete 

Modulus 

. 


Tensile 
Strain 
»-4  .  , 


Number 
of 

Applied 

Strain 


Number 
of 

Allowable 

Strain 


Damage  Cumulative 


In. /in.  Repetitions  Repetitions  Increment  Damage 


18-ln.  ABC  Pavement 


2I-ln.  ABC  Pavement 


Note:  Damage  was  accumulated  only  for  those  months  during  which  the  computed 
subgrade  strain  was  greater  than  or  equal  to  0.78  >  in"^  In. /In. 


Table  6 


Performance  Variations  as  Functions  of  Variations  of  Input  Parameters 
(Subgrade  Strain  Criterion)  All-Bltumlnous  Concrete  Pavement 


Coefficient 

of  Variation 

Standard 
Deviation 
of  Strain 

Strain  1 

Repetitions  for 

E, 

E„ 

€*  >  0 

e  +  o 

e  -  a 

p 

1 

2 

1 

e 

E 

e 

0.1 

0.0 

0.0 

0.0 

0.000082 

254,639 

2,171,960 

0.0 

0.1 

0.0 

0.0 

0.000045 

396,666 

1,293,988 

0.0 

0.0 

0.1 

0.0 

0.000037 

439,129 

1,156,346 

0.0 

0.0 

0.0 

0.1 

0.000101 

202,718 

2,889,570 

*  The  subgrade  strain  computed  for  the  pavement  Is  0.00082  in. /in. 


Table  7 

Performance  Variations  as  Functions  of  Variations  of  Input  Parameters 
(Subgrade  Strain  Criterion)  Flexible  Pavement 


Coefficient 

of  Variation 

Standard 
Deviation 
of  Strain 

Strain 

Repetitions  for 

P 

!!]_ 

1:^ 

e*  ,  0 

e 

E  +  a 

e 

e  -  0 

e 

0.1 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0000940 

56,160 

479,000 

0.0 

0.1 

0.0 

0.0 

0.0 

0.0 

0.0000077 

142,500 

169,670 

0.0 

0.0 

0.1 

0.0 

0.0 

0.0 

0.0000249 

117,540 

207,120 

0.0 

0.0 

0.0 

0.1 

0.0 

0.0 

0.0000618 

78,790 

321,140 

0.0 

0.0 

0.0 

0.0 

0.1 

0.0 

0.0000330 

107,580 

227,570 

0.0 

0.0 

0.0 

0.0 

0.0 

0.1 

0.0000724 

70,360 

365,940 

*  The  subgrade  strain  computed  for  the  pavement  is  0.0009494  in. /in 


Table  8 

Thickness  Measurement  Variations* 


Material 


Asphalt  concrete 
Cement-treated  base 
Aggregate  base 
Aggregate  subbase 

Asphalt  concrete 
Cement-treated  base 
Aggregate  base 
Aggregate  subbase 

Asphalt  concrete 
Cement-treated  base 
Aggregate  base 
Aggregate  subbase 

Asphalt  concrete 
Cement-treated  base 
Aggregate  base 
Aggregate  subbase 

Asphalt  concrete 
Cement-treated  base 
Aggregate  base 
Aggregate  subbase 

Asphalt  concrete 
Cement-treated  base 
Aggregate  base 
Aggregate  subbase 

Asphalt  concrete 
Cement-treated  base 
Aggregate  base 
Aggregate  subbase 


Mean  Deviation 
from  Planned 
Thickness,  ft 


Standard 

Deviation 


Number  of 
Measurements 


APPENDIX  A;  EXPECTATION  AND  VARIANCE  OF  A  RANDOM  VARIABLE* 


1.  The  expectation  of  a  discrete  random  variable  x  ,  denoted  by  E(x) 


or  simply  u  ,  Is  defined  as 

X 


E(x)  =  ^  X  f(x  ) 
all  x^  ^  ^ 


(Al) 


where 


x^  -  all  possible  values  of  the  random  variable  x 

f(Xj^)  =  probability-distribution  (or  probability-density)  function 
which  assigns  the  corresponding  probability  to  each  x^ 

2 

2.  The  variance  of  x  ,  denoted  by  V(x)  or  ,  Is  defined  as 


V(x)  -  EKx  -  ^  ^’'l  ■  ^x^^  ^^*1^ 

L  J  all  X- 


(A2) 


The  expectation  and  variance  of  x  can  also  be  defined  as  the  first  and  sec¬ 
ond  moments  of  x  as  explained  below. 

3.  If  X,  ,  X-  ,  ,  x„  are  N  values  of  a  random  variable  x  , 

th  12  N 

the  k  moment  of  t  about  the  origin »  Is  defined  as 


X 1  +  X2  +  . . .  +  xj 
E(x^  =  ^ ^ 


(A3) 


The  first  (k  =  1)  moment,  E(xS  ,  Is  the  expected  value  of  x  . 

4.  If  x  ,  X  ,  . . .  ,  x„  occur  with  frequencies  of  f,  ,  f„  , 
1  2  N  12 

f  ,  respectively, 
m 


(A4) 


*  Readers  may  gain  further  information  from  Harr  (1977).  References  cited  in 
this  appendix  are  Included  In  the  References  at  the  end  of  the  main  text. 


where  N  f  . 


random  variable  x  Is  defined  as 


APPENDIX  B:  INPUT  GUIDE  AND  RUN  EXAMPLE  OF  THE  RELIBISA 

COMPUTER  PROGRAM 


The  Input  guide  for  the  program  Is  given  in  Table  B1  with  detailed 
explanations  of  each  entry  presented  below: 

a.  Item  It  Number  of  Runs  Card 

Notes  Variables  _ Entry _ 

NRUN  Number  of  runs  to  be  computed 

b.  Item  2:  Search  for  Locations  of  Maximum  Strains  Card 

Notes  Variables  _ Entry _ 

(1)  ONLY  EQ.  1  Search  for  locations  of  maximum 

strains  in  each  term  in  Equa¬ 
tions  12  to  16. 

EQ.  0  Determine  the  locations  of  the 

maximum  strains  only  for  the  case 
of  mean  input  parameters. 


Notes: 

(1)  The  locations  of  the  maximum  strains  at  the  bottom  of  the  bituminous  con¬ 
crete  surface  course  and  at  the  subgrade  surface  are  first  determined  with  the 
mean  values  of  the  Input  parameters.  To  save  computer  time,  the  locations  are 
arbitrarily  determined  either  at  the  centroid  of  the  gear  assembly  or  directly 
beneath  one  wheel  load.  The  same  locations  can  be  used  to  compute  the  strains 
in  each  term  of  Equations  12  to  16  (of  the  main  text)  to  save  computer  time 
(l.e.,  ONLY  =0),  or  the  locations  of  the  maximum  strains  are  searched 
separately  In  each  term  of  Equations  12  to  16  (l.e.,  ONLY  =  1). 


Item  3: 

Aircraft  Type  and  Number  of  Layer  Card 

Notes 

Variables  Entry 

(1) 

AIPPLN 

Gear  assembly  categ'.)’‘y 

(2) 

NLAYS 

Number  of  layers  of  the  flexible 
pavement 

(3) 

ISMO 

EQ.  0  rough  computational  procedure 

EQ.  1  smooth  computational  procedure 

(4) 

IRED 

EQ.  0  AK(I)  Is  Input  In  ITEM  4 

EQ.  1  ALK(I)  Is  inpiil:  In  ITEM  4 

Notes: 

(1)  The  gear  assembly  category  of  the  design  aircraft  is  i.bown  in  Figure  Bl. 


(2)  NLAYS  cannot  be  greater  than  three  and  smaller  than  two  in  RELIBISA 
program. 

(3)  Smooth  computation  involves  more  computation  time  and  thus  have  more 
accurate  results.  It  is  suggested  that  ISMO  =  1  be  used. 

(4)  It  Is  suggested  that  IRED  =  1  be  used. 

d.  Item  4:  Layer  Information  Card 


Notes 


Variables 


NU(1) 

Thlck(l) 
(1)  AK(1) 


Elastic  modulus  of  the  material  in  first 
layer 

Poisson's  ratio  of  the  material  in  first 
layer 

Thickness  of  the  first  layer 

Reduced  Interface  compliance  of  the 
first  layer 


Notes : 


E (NLAYS- 1) 

NU (NLAYS- 1) 
Thick  (NLAYS- 1) 
AK (NLAYS- 1) 


(1)  For  complete  adhesion  between  layers  1  and  1+1  set  AK(1)  =  ALK(l) 
For  complete  frictionless  slip  between  layers  set  (E^/1  +  N^)  AK(1) 

«  ALK(i)  2  1,000  .  It  Is  suggested  that  a  value  of  1,000,000  be  used. 


Item  5:  Subgrade  Card 


Notes  Variables 
E (NLAYS) 

NU (NLAYS) 


Modulus  of  the  subgrade 
Poisson's  ratio  of  the  subgrade 


Item  6:  Aircraft  Information  Card 


Notes 


Variables 


LDSTR 

RADIU 


The  wheel  load 

Radius  of  the  wheel  load 

Gear  dimension  A 

Gear  dimension  B 

Gear  dimension  C 

Gear  dimension  D 


Notes: 


(1)  All  the  wheel  loads  In  the  gear  assembly  should  have  the  same  loaded  area 
and  load  magnitude. 

(2)  The  gear  dimensions  are  shown  In  Figure  Bl. 


Item  7 

:  Reliability  and  Variability  Card 

Notes 

Variables 

Entry 

(1) 

RELIBITY 

Inherent  reliability  level  i 
ment  design  system  to  be  i 

of  the  pave- 
analyzed 

(2) 

CVP 

Coefficient  of  variation  of 
load  P 

the 

wheel 

(2) 

CVE(l) 

Coefficient  of  variation  of 
of  the  surface  layer 

the 

modulus 

(2) 

CVE(2) 

Coefficient  of  variation  of 
of  the  second  layer 

the 

modulus 

(2) 

CVE(3) 

Coefficient  of  variation  of 
of  the  third  layer 

the 

modulus 

(2) 

CVH(l) 

Coefficient  of  variation  of 
ness  of  the  first  layer 

the 

thick- 

(2) 

CVH(2) 

Coefficient  of  variation  of 

the 

thick- 

ness  of  the  second  layer 


Notes: 

(1)  For  Corps  of  Engineers  flexible  pavement  design  system,  RELIBITY  =0.5 
Is  suggested. 

(2)  The  coefficient  of  variation  Is  defined  to  the  ratio  of  the  standard  devi¬ 
ation  to  the  mean.  For  a  two-layer  system,  CVE(3)  =  CVH(2)  =  0  ,  as  E(2) 
Is  the  modulus  of  the  subgrade. 


I 


Table  B1 

Input  Guide  for  RELIBISA  —  Layered  Elastic  Analysis  of  Flexible 
Pavements  In  Probabllstic  and  Reliability  Terms 


ITEM  1.  Number  of  Runs  Card 
NRUN 

ITEM  2,  Search  for  Location  of  Maximum  Strains  Card 
ONLY 

ITEM  3.  Aircraft  Type  and  Number  of  Layer  Card 
AIPPLN,  NLAYS,  ISMO,  IRED 

ITEM  4«  Layer  Information  Card 

E(I),  NU(I),  Thlck(I),  AK(I),  1=1,  (NLAYS  -  1) 

ITEM  5.  Subgrade  Card 
E (NLAYS),  NU (NLAYS) 

ITEM  6.  Aircraft  Information  Card 
LDSTR,  RADIO,  ADIM,  BDIM,  CMIM,  DDIM 


ITEM  7.  Rellbablllty  and  Variability  Card 
RELIBITY,  CVP,  CVE(l),  CVE(2) ,  CVE(3) ,  CVH(l),  CVH(2) 


j)/i-rk 

Fbb. 


